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THE IONISATION LOSS OF FAST COSMIC-RAY PARTICLES IN NEON 
A thesis submitted to the University of Durham 
for the Degree of Doctor of Philosophy 
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July, 1961 
PREFACE 
This thesi8 describes two projects* The f i r s t concerns the 
Author's share of the design, construction and operation of the 
Durham High Energy Cosmic Ray Spectrograph. This consisted i n the 
development of an automatic momentum analyser and i t s operation over 
a period of several months during which time some 250,000 particles 
were recorded. The development of a momentum selector with which 
very high energy particles may be selected i s also described. 
The second project i s concerned with an experiment using the 
spectrograph i n a measurement of the ionisation loss of r e l a t i v i s t i c 
-mesons i n neon. This experiment was the responsibility 
of the Author alone. The design and construction of the proportional 
counters and ancillary electronic equipment used i n the experiment 
are described and preliminary results are given of the variation with 
momentum of the ionisation loss of fast M- -mesons i n neon. 
r 
This work was carried out at the University of Durham under 
the supervision of Dr. A.W. Wolfendale. 
Some of the results of the work with the spectrograph have been 
published by the Author and his colleagues; Ashton et a l , 1960. 
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CHAPTER 1 
INTRODUCTION 
1.1. General featureB of the Cosmic Radiation 
The primary cosmic ray flux at the top of the atmosphere has 
been shown to consist predominantly of protons with smaller numbers 
of alpha particles and heavier nuclei. On entering the atmosphere 
the primary particles interact with the nuclei of the air molecules 
with a mean free path of about 125 gm cm . Thus most of the 
interactions take place i n the f i r s t few hundred gm cm of the 
atmosphere, i.e. at heights above about 10 km. 
Although the flux of primary particles f a l l s with increasing 
energy, i n many cases the energies involved i n the collisions are 
considerably above the threshold for TV-meson production. The 
tr -mesons are unstable particles with a mass of about 270 electron 
masses and are produced i n both neutral and charged states. The 
o —16 neutral It -meson has a half l i f e < 5 x 10 sec. and decays into 
two photons. The charged t^-meson has a half l i f e of 2.56 x 10~^  sec. 
and decays into a - m e s o n and a neutrino. As a consequence of 
the very short half l i f e of the tt* -meson the photons are formed 
very close to the point of collision whereas the fT*-mesons have 
some probability of interacting before decay, especially when their 
velocity i s high enough for time dilation to be important. At a 
depth of a few hundred gm cm however, the a i r density i s so low 
2. 
that only the very fast T\ -mesons (energy > 100 GeV) have an 
appreciable chance of interacting before they are essentially 
'removed' by TT-^ decay. 
The photons produced when a TT*-meson decays interact strongly 
with the electromagnetic fields of the air nuclei and produce 
electron-pair8. Some fast electron production also occurs by the 
Gompton effect. These fast electrons lose energy by ionisation 
and, to a greater extent, by Bremsstrahlung radiation. Thus 
further photons are produced which, i n turn, produce more electron 
pairs. The result i s that an electron-photon cascade i s b u i l t 
up which i s propagated through the atmosphere. I f the energy of 
the i n i t i a l particle i s sufficiently high a significant number of 
electrons may penetrate to sea level, constituting an 'extensive 
ai r shower*; for example a primary cosmic ray of energy 1 0 ^ eV 
produces a shower of about 2,000 electrons at sea level. 
In the vast majority of interactions however, the Tl -mesons 
are emitted with comparatively low energy and after very few 
generations the energies of the individual photons f a l l below that 
necessary for pair-production, and other non-multiplicative processes 
complete the energy degradation. These small showers die out i n 
the upper levels of the atmosphere. 
As mentioned already, the charged TT*-meSon decoys into a 
-meson (of mass 206 mQ) and a neutrino. Of these particles 
the^^Hneson i s of greater importance i n so far as, development 
of the cosmic radiation i s concerned, since, although the neutrino 
r 
3 
carries off an appreciable fraction of the energy of the ^  -meson, 
i t s cross-section for interaction with nuclei i s only '-10 cm 
and therefore vanishingly small. The J* -meson i s a far more 
stable particle than the TT±-raeson having a half l i f e against 
decay of 2.22 x 10"^ sec. I t s interaction with nuclei i s very 
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weak and, at energies below about 10 eV, the most important source 
of energy loss i s due to ionisation which, for a high energy 
^K. -meson i n a i r , amounts to about 2 Mev/gm cm , i.e . about 2 GeV 
for traversal of the whole atmosphere. Many of the j*. -mesons 
therefore reach sea level and the more energetic particles even 
penetrate far underground. The yu\ -mesons which decay do so into 
an electron and two neutrinos. These decay electrons undergo some 
slight cascade multiplication and are responsible for some of the 
electron-photon component at sea level. The remainder i s due to 
electrons which have been knocked on by fast yo, -mesons and those 
electrons and photons which reach sea level from cascades i n i t i a t e d 
by 1t°-mesons. 
The cosmic ray flux at sea level therefore consists predominantly 
of j* -mesons, electrons and photons with smaller numbers of 
protons, neutrons and -mesons. There i s also a very small 
component of unstable mesons of higher masses and other strange 
particles. 
4 
1.2 The Sea Level Spectrum 
Significance of the Spectrum 
In order to obtain information on both the oualitative and 
quantitative aspects of Cosmic Rays, measurements of the momentum 
spectrum have been made at various altitudes and below ground. The 
work to be described i s concerned with measurements of the sea level 
spectrum. A precise knowledge of this spectrum i s important for a 
variety of reasons. Apart from i t s own intrinsic worth i t i s possible 
by comparison with other data to obtain information on several aspects 
of Cosmic Radiation. These may be conveniently l i s t e d : 
(1) A comparison with the depth-intensity curve provides information 
on the energy loss of very high energy yjL -mesons. 
(2) A comparison with the spectrum at different depths underground 
yields similar- Information, but i n this case the epnctrw '--an 
be compared at different momenta a comparison with the spectrum 
obtained at one point underground i s equivalent to several 
measurements on the depth intensity curve. 
(3) A comparison with the sea level spectrum predicted from a 
knowledge of the primary cosmic ray spectrum and the diffusion 
equations of the various components i s an indirect source of 
information on very high energy nucleon-nucleon interactions. 
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(4) A study of the time-variation of the sea level spectrum, i t s 
energy dependence and i t s correlation with t e r r e s t i a l or 
extraterrestial phenomena may provide information on the sources 
of cosmic radiation. 
Previous measurements 
A review of the technique and instruments used by previous 
workers i s given i n Chapter 2. The most precise measurements have 
beon made with magnetic spectrographs, notably those at Manchester, 
Hyams et a l (1950), and Sydney, Caro et a l (1951), The Manchester 
group have measured the spectrum from 0.5 to 20 GeV/c, making 
measurements on some 20,000 particles. Later modifications of the 
Manchester Spectrograph extended the upper l i m i t of measurement to 
300 QeV/c (Holmes et a l , 1955) and a preliminary analysis by Rodgers 
(1957), based on 1000 particles of momenta >20 GeV/c, has yielded 
some interesting results. Using the method of item 1 above, an 
unexpectedly high value for the energy loss of very high energy 
Jjk. -mesons was found. Also, an increasing difference between the 
predicted and experimental sea level spectra with increasing energy 
appeared to indicate a large contribution to the fast -meson flux 
at sea level from sources other than the decay of TT-mesons. 
Future measurements, 
The spectra determined by the instruments at Manchester and -
Sydney are not i n very good agreement i n the common momentum region 
<20 GeV/c. This may be due to the differing experimental bias i n 
6. 
the two instruments, but further precise measurements are required 
both to decide the issue and to improve the statistics. 
The work of Rodgers has shown the importance of measurements 
of the spectrum at momenta >100 GeV/c, but more results are required 
and an extension to higher momenta. 
The study of the time variation of the sea level spectrum as 
opposed to the t o t a l f lux offers considerable scope for future work. 
In order to carry out this programme an instrument i s required 
which has not only a high maximum detectable momentum, but also a 
high rate of particle collection, without which good 'statistics' w i l l 
take time to attain. The Durham Spectrograph has been b u i l t to 
satisfy these requirements and has a maximum detectable momentum 
12 
^ 10 eV/c with an overall collection rate of 3.5/min. and a rate 
above the maximum detectable momentum of rather less than l/day. The 
Spectrograph w i l l be considered i n detail i n Chapter 2. 
Automatic Analysis of Particle Momentum 
A number of methods have been employed for the determination 
of particle momenta i n magnetic spectrographs. Probably the simplest 
i s that used by Hyams et a l (1950). and desoribed by Owen (1950), 
where the counters discharged by the ionising particle are recognised 
by a hodoscope arrangement. The magnetic deflection i s then found 
by a simple calculation. Another method has been used by Caro et a l 
(1951) i n which the hodoscope i s replaced by a punched card system. 
Both methods suffer from the disadvantage that the data produced 
directly by the instrument 1B not the quantity actually required, 
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viz, the magnetic deflection, and further analysis of the data i s 
required* At high rates th i s problem i s serious and some form of 
automatic analysis i s required. The punched card system lends 
i t s e l f to automatic analysis, but the cost i s rather great, and the 
system i s rather inflexible. A purely electronic system would 
obviously be advantageous* 
Owen (unpublished) has used an analogue pulse c i r c u i t i n which 
the pulses are added simultaneously to permit the rather coarse 
division of particles into groups of high and low momenta. A refined 
version of th i s c i r c u i t has been developed for use i n conjunction 
with the Durham Spectrograph. 
1.3 Measurements On High Energy yq-Mesons 
Two types of experiments can be carried out with cosmic ray 
spectrographs. The firsttype concern measurements of spectra, 
positive-negative ratio etc., and their comparison with other cosmic 
ray measurements. In the seond type the spectrograph i s used as 
a source of high energy particles of known momentum and sign; the 
particles being predominantly -mesons* The interactions of these 
particles with atomic electrons and nuclei can therefore be studied. 
I t i s experiments of this type that are the special concern of the 
author. 
The study of the behaviour of strongly interacting particles, 
protons, TT -mesons etc., i s the province of the accelerating 
machines, at least for energies below about 30 GeV. The position 
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with regard toyw.-mesons i s otherwise. On account of the comparatively 
long l i f e time of fast I t -mesons the generation of pure beams of 
yu. -mesons i s d i f f i c u l t and at the present time there appear to have 
been no machine experiments carried out with jx -mesons of energy 
above one GeV. Experiments with high energyJA. -mesons are therefore 
s t i l l i n the province of the cosmic ray physicist. 
1.4« Statement of work to be described 
The work to be described concerns the construction of tho 
Durham Cosmic Ray Spectrograph, i n particular the design, construction 
and operation of the apparatus associated with the automatic analysis 
of the particle momenta. The f i r s t part of thi s thesis i s devoted 
to a description of this apparatus together with a brief summary of 
the results which have been obtained. 
The second part of the thesis i s concerned with a specific 
experiment with the spectrograph; the measurement of the ionisation 
loss ofyu -mesons i n a gas. The momentum of the i± -meson i s 
determined by the spectrograph and the ionisation loss measured 
using neon f i l l e d proportional counters placed i n the particle 
•beam1. 
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CHAPTER 2 
THE MEASUREMENT OF COSMIC RAY MOMENTA 
2.1. Introduction 
I t has been pointed out that measurements of the momenta of 
sea level coanic rays are useful and some discussion w i l l be given 
of the various methods available. 
The momentum or energy of a charged particle can be determined 
by observing i t s behaviour when acted upon by either electromagnetic 
or nuclear forces. The theory of electromagnetic interactions i s 
well developed and forms a self consistent whole whereas nuclear 
forces have proved much more d i f f i c u l t to investigate, both 
experimentally and theoretically. So far as measurements on-mesons 
are concerned, the methods used to measure momentum or energy have 
been electromagnetic i n nature. The methods are based on measurement 
of range, scattering or magnetic deflection. 
2.2. Ranee measurements 
The flux of cosnic rays from a given direction i s selected by 
some form of telescope, usually comprising two or three sets of 
geiger counters connected i n coincidence, and the fl u x measured with 
different thicknesses of absorber above the apparatus. This yields 
the integral range spectrum. 
Two modifications of this basic apparatus are also used. One 
i s concerned with the direct measurement of the di f f e r e n t i a l spectrum. 
This spectrum can be obtained from the results which gave the integral 
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spectrum, but t h i s i s unsatisfactory from a s t a t i s t i c a l standpoint. 
The modification consists i n placing a further absorber below the 
telescope and counting only those p a r t i c l e s whose range i s greater 
than the thickness of the upper absorber and l e s s than the combined 
thickness of the two absorbers. This i s done by using another 
detector connected i n anticoincidence with the other counters. The 
other modification i s designed to deal with the shorter ranges, where 
the electron component becomes comparable with theyu -meson component, 
and i t i s necessary to distinguish between the two. This i s carried 
out by using the apparatus designed for d i r e c t measurement of the 
d i f f e r e n t i a l spectrum, but only selecting these events i n which a 
p a r t i c l e i s brought to r e s t i n the lower absorber and i s followed 
by the delayed emission of an electron. The method i s rather uncertain, 
e s p e c i a l l y for absolute measurements, as i t i s d i f f i c u l t to predict 
the detection e f f i c i e n c y for the decay electron. 
The range method has been used by various workers to measure the 
range spectrum at sea l e v e l over a range of 10 to 10 gm cm of 
a i r . Lead can be used as the absorber for the low ranges, but 
becomes impracticable for higher momenta and i t i s necessary to use 
nat u r a l l y occurring absorbers; the experiments being performed either 
a t d i f f e r e n t depths under water or underground. 
2.3» Scattering measurement 
Measurements of multiple coulomb scattering i n a multi-plitte 
cloud chamber, or i n a nuclear emulsion, have been used to determine 
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the momenta of charged p a r t i c l e s , usually under conditions where 
more sa t i s f a c t o r y instruments could not be used: for example a t 
the top of the atmosphere (emulsions) or f a r underground (emulsion 
and multi-plate cloud chambers)• 
The Multi-plate Cloud Chamber 
The cloud chamber i s controlled by geiger counters which cause 
i t to operate when a p a r t i c l e passes through the sen s i t i v e region of the 
instrument. The s t a t i s t i c a l accuracy of the measurements i s limited 
by the number of observations of the angle of scattering and therefore 
by the number of p l a t e s . Increasing the number of plates, however, 
aggravates the turbulence caused by convection currents i n the chamber 
and the number of plates used i s r a r e l y more than 10. The uncertainty 
i n momentum of a single p a r t i c l e i s usually i n the region of 30% or 
more. 
This technique i s of limited use i n measuring the momentum spectrum 
of coanic rays owing to the low upper l i m i t of measurement 5 GeV/c 
Imposed by turbulence, and the poor s t a t i s t i c a l accuracy. I t has been 
used to study the low momentum region (up to 1 GeV/c) of the spectrum 
underground (Nash & Fointon, 1956). I t s main application, however, 
i s i n the study of the nature and momenta of p a r t i c l e s produced 
i n interactions i n the plates, and i n t h i s connection i t has been used, 
for example, to investigate the interactions of m -mesons underground. 
r 
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The Nuclear Ehul s i on 
The procedure used i n measurement i s to divide the track up 
into convenient c e l l s and either measure the mean i n c l i n a t i o n of 
each segment or, more usually, measure the co-ordinates of the c e l l 
boundaries with respect to some fixed l i n e . The angular deviations 
are then found from the second differences of these co-ordinates. 
The actual relationship between fyj (the product of the momentum 
and the p a r t i c l e v e l o c i t y i n units of c, i . e . v/c) and the angular 
deviation depends on the form that the measurements take and also on 
the cut-off c r i t e r i o n applied to large single s c a t t e r s , but i t can 
always be expressed i n the formpA - k where k i s a constant and 
<©> i s the p a r t i c u l a r mean value of 6 used. The maximum value of 
j>^ a that can be measured depends on the size of the grains of the 
emulsion, mechanical imperfections i n the microscope stage, the length 
of the c e l l and the magnitude of distortions i n the emulsion. The 
maximum length of c e l l i s usually governed by s t a t i s t i c a l considerations 
of the number of c e l l s a v a i l a b l e . The error to be attached to a 
measurement i n the case of a long track i s 5% and the maximum v a l u e 
of jp^a i s ~ 1 0 GeV. 
2.4-. Magnetic Deflection Measurements 
The ea r l y work was carri e d out using counter controlled cloud 
chambers with a uniform magnetic f i e l d applied transversely across 
the chamber. Blackett (1937) and Wilson (194-6) using t h i s technique 
measured the d i f f e r e n t i a l sea l e v e l spectrum up to 15 GeV/c. 
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Theory shows that the momentum of a charged p a r t i c l e with unit 
electronic charge i s given by the r e l a t i o n : 
where p i s i n eV/c, H i s i n gauss and the radius of curvature of the 
traje c t o r y p i s i n cm. The equation i s r e l a t i v i s t i c a l l y i n v a r i a n t . 
Consider a section of the tr a j e c t o r y of a charged p a r t i c l e i n a 
uniform transverse magnetic f i e l d . Let the length of the chord be 
1 and the sag i t t a be s. Then: 
and the highest momentum that can be measured for a given value of 
H and 1 w i l l depend on the uncertainty i n s. The error i n s w i l l be 
the sum of the instrumental error due to f i n i t e track width, turbulence, 
e t c . and the error due to multiple scattering. The error due to 
fr a c t i o n a l error i n the momentum tends to a constant value. On the 
other hand the instrumental error i n s i s independent of the momentum 
of the p a r t i c l e , and the f r a c t i o n a l error i n the momentum determination 
therefore increases as the momentum increases. 
The instrumental error i s determined by operating the chamber 
without magnetic f i e l d and measuring the mean of the apparent values 
of s for high energy p a r t i c l e s , for which the error due to scattering 
i s n egligible. The corresponding value of momentum.is known as the 
maximum detectable momentum. 
p = 300 H, 
p ^ 300 H i f 
8s 
i f 
P 
s « 
multiple scattering v a r i e s as l/p/S , so that a t high momenta the 
A lower l i m i t of momentum measurements i s set by the multiple 
scattering which increases as the momentum decreases, but i n spectrum 
measurements t h i s l i m i t i s not reached as a cut off i s imposed due 
to low momentum p a r t i c l e s being deflected out of the system by the 
magnetic f i e l d . 
The maximum detectable momentum can be increased by: 
1. Increasing the value of H. This i s limited by saturation i n 
iron-cored magnets. Air-cored c o i l s of the Helmholtz type have 
been used, but to surpass the performance of exi s t i n g iron-cored 
magnets the power requirements would be of the order of megawatts. 
2. Increasing the track length. This requires both a larger magnet 
and a larger cloud chamber. A larger cloud chamber means i n 
general a longer cycling time, with a consequent increased l o s s 
of events; also the greater turbulence due to increased 
convection currents may cancel out any gain due to increased 
track length. 
I t seems l i k e l y that the l i m i t has been reached with the magnet 
cloud chamber technique and other techniques are necessary i n order 
to extend the range of investigation to higher momenta. 
Magnetic Spectrographs 
o 
The opt i c a l arrangement for photographing the tracks i n a 
magnet-cloud chamber are such that the f u l l p o t e n t i a l i t i e s of the 
uniform f i e l d region of a given magnet are not r e a l i s e d , and the 
non-uniform f i e l d region i s , of course, not used a t a l l . Ryaras 
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et a l (1950) give a figure of 556 for the r a t i o of jHdV (V - volume) 
used to t o t a l value of lHdV for a t y p i c a l magnet-cloud chamber. 
A great advance i n the magnetic deflection technique was made 
when instruments were devised which used almost a l l of the f i e l d 
region* I n t h i s method the dir e c t i o n of the p a r t i c l e t r a j e c t o r y 
before and af t e r deflection i s measured, the detecting elements 
l y i n g outside the f i e l d region. Thus, besides making much f u l l e r use 
of the magnetic f i e l d , the distance between location points can be 
increased independently of the magnet dimensions. 
Several instruments employing t h i s p r i n c i p l e (spectrographs) 
have been operated. The f i r s t high energy spectrograph was the 
instrument a t Sydney (Caro et a l , 1951). A diagram of t h i s spectrograph 
i s shown i n F i g . 2*5.1. Each of the throe sets of geiger counters 
user! to locate the p a r t i c l e t r a j e c t o r y consists of two overlapping 
l a y e r s of counters connected so as to be equivalent to a single 
l a y e r of counters of one t h i r d the diameter* The magnetic f i e l d 
i s produced by an electromagnet with appropriately shaped pole pieces. 
The maximum value of H i s 13,500 gauss giving a value of j H d l of 
7*4 x 10^ gauss-cm and a maximum detectable momentum of ~ 1 0 0 GeV/c. 
The instrument has been used to measure the sea l e v e l spectrum a t 
v e r t i c a l incidence (Caro et a l , 1951) a n d a t angles to the v e r t i c a l 
(Moroney & Parry, 1954). 
A diagram of a l a t e r spectrograph, the Manchester instrument 
(Hyams et a l , 1950) i s shown i n F i g . 2.5.2. Two magnets are used 
here with three sets of geiger counters to locate the p a r t i c l e 
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t r a j e c t o r y . The counters designated G ensure that the p a r t i c l e 
a c t u a l l y passes through the a i r gaps of the two magnets and al s o 
reduces the number of spurious events. The two magnets are operated 
with t h e i r f i e l d s s i m i l a r l y directed and the t o t a l value of ^Hdl 
5 
a t maximum f i e l d i s ~ 1 2 . 8 x 10 gauss cm yielding an m.d.m. 
(maximum detectable momentum) of ^ 2 0 GeV/c. 
Geiger counters are not the only detectors that have been used 
i n t h i s type of spectrograph. Glaser e t a l (1950) used two cloud 
chambers one above and one below the magnet, attaining an ra.d.m. of 
~ 70 GeV/c by t h i s method. This arrangement suffers, however, 
from two defects when compared with the two instruments described 
above. 
1. The long cycling time of the cloud chambers l i m i t s the rate of 
pa r t i c l e c o l l e c t i o n . 
2. The instrumental errors are not constant, so that the m.djn. 
may vary over the period of the experiment. 
Both of these defects apply wherever cloud chambers are used 
i n spectrographs. 
Cloud chambers have also been used i n the Manchester Spectrograph 
to increase the m.d.m. to ->»300 GeV/c (Rodgers, 1957). The 
modification to the Manchester instrument consisted i n placing 
horizontal shallow cloud chambers j u s t above each tray of geiger 
counters. The chambers were controlled by the f i v e - f o l d coincidence 
17 
between the three trays of locating counters and the two sets of 
guard counters, and by photographing the tracks i n a l l three cloud 
chambers simultaneously i t was possible to locate the p a r t i c l e 
t r a j e c t o r y a t each l e v e l to within + 0.8 mm. 
The work of Rodgers with the modified instrument has been 
outlined above. The rate of p a r t i c l e c o l l e c t i o n by t h i s instrument 
i s limited by the use of two magnets, and although the cycling time 
i s not so important a t high momenta, when a system of preliminary 
momentum selection i s used, the other disadvantage of cloud chamber 
systems, the inconstancy of the m.d.m., i s very Important. 
A spectrograph has been constructed a t Durham with the aim of 
achieving a high rate of p a r t i c l e c o l l e c t i o n , coupled with a high 
m.d«m. This instrument also uses two forms of p a r t i c l e detection; 
oeiger counters for low momenta and neon flash-tubes (Conversi, 1955) 
for high momenta. I n t h i s case the m.d.m. i s constant for a given 
arrangement, being set by the geometrical properties of the flash-tubes 
The rate of p a r t i c l e c o l l e c t i o n i s also improved over that of the 
Manchester Instrument by using one magnet and detecting trays of large 
area. 
18. 
CHAPTER 3 
THE DURHAM COSMIC RAY SPECTROGRAPH 
3*1. The geometrical arrangement 
A schematic diagram of the instrument i s shown i n F i g . 3.1.1. 
The p a r t i c l e t r a j e c t o r y through the apparatus i s defined by Geiger 
counters i n the f i v e l e v e l s designated A, B, C, D & G. The counters 
i n A, B, C & D locate the position of the tr a j e c t o r y and the counters 
i n G ensure that i t also passes through the magnetic f i e l d . 
The distance from the extreme counter trays to the centre of 
the magnetic f i e l d i s 2.67 m and the s o l i d angle subtended by these 
trays a t the centre of the instrument i s 8.0 x 10 sterad. 25 geiger 
counters are used i n the trays A & D and 11 i n each of the tr a y s 
B & C. A l l the counters have i n t e r n a l diameter 3-6 cm and are spaced 
3*8 cm apart i n each tray. The counters i n A & D are 60 cm long 
and those i n B, C & G are 26 cm long. The entire system i s aligned 
by two hanging wires to an estimated accuracy of 0.25 mm a t each 
l e v e l . 
3.2. The Magnetic F i e l d 
The magnet i s an air-cooled Blackett-type electromagnet 
operating a t a maximum current of 70 amps a t 44.0 v o l t s . The pole 
faces are 30 x /fi cm with the longer dimension horizontal. With the 
existi n g pole gap of 15 cm the maximum f i e l d strength i s 12,010 gauss 
and the l i n e i n t e g r a l , j H d l , for v e r t i c a l t r a j e c t o r i e s through the 
centre of the f i e l d i s 6.60 x 10 gauss-cm. 
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The value of the l i n e i n t e g r a l JHdl has been determined by two 
methods. F i r s t l y by the i n d i r e c t method of measuring the value of 
H at various points with a fluxmeter and evaluating the in t e g r a l 
numerically, and secondly by using the deflected wire technique. 
The two methods give concordant r e s u l t s to within 1%. 
3.3. P a r t i c l e r a t e s 
The rate of p a r t i c l e s through the spectrograph v a r i e s from 
5.5 min" 1 a t zero f i e l d to 3.6 min""1 a t maximum f i e l d . The decrease 
i n rate with increasing magnetic f i e l d i s due to the reduction i n 
acceptance angle for p a r t i c l e s of large deflection. 
3.4-. The accuracy of momentum measurement 
Using the nomenclature of F i g . 3.4.1. the momentum of a p a r t i c l e 
i s given by: 
In practice the deflection (a~b) + (d-c) i s measured i n terms of 
geiger counter diameters and each p a r t i c l e i s a l l o t t e d to a momentum 
category n given by the r e l a t i o n 
P = 
(a-b) + (d-c) 
D x 300 j H d l eV/e 
where n^, e t c . r e f e r s to the number of the counter discharged i n 
la y e r A e t c . The f i n i t e diameter of the counters imposes an 
instrumental l i m i t on the accuracy of the momentum determination. 
Another l i m i t i s imposed by scattering i n the instrument. 
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The Instrumental Limit 
The uncertainty due to f i n i t e size of the geiger counters 
i s given, for large category numbers, n, by the approximate r e l a t i o n 
* n 
At high moments, i . e . low category numbers, the error i s not 
symmetrical and i t i s necessary to determine the complete momentum 
spectrum for p a r t i c l e s within the category. 
The momentum spectrum for a given category i s found as follows. 
The acceptance function of the category i s determined as a function 
of momentum (or, more pr e c i s e l y , the displacement of the p a r t i c l e 
t r a j e c t o r y ) . The product of t h i s function and the i n t e n s i t y of the 
incident d i f f e r e n t i a l spectrum for given values of momentum then 
gives the required momentum spectrum for tho category. The acceptance 
function has been determined by making a s e r i e s of t r i a l measurements 
on a scale diagram of the spectrograph and has also been evaluated 
a n a l y t i c a l l y . 
As an example, the author used the sea l e v e l spectrum measured 
by the Manchester group and the acceptance function derived a n a l y t i c a l l y 
by a colleague, Mr. J.L. Lloyd, to determine the momentum spectrum 
for categories n = 2 and n = 10. They are shown i n F i g . 3.-4.2. and 
F i g . 3.4.3. 
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Scattering 
The uncertainty i n momentum due to scattering has been 
calculated. At maximum f i e l d strength and with the geiger counters 
alone the error amounts to 2.06%. When the neon f l a s h tube assembly 
i s inserted, i n order to r a i s e the l i m i t of momentum measurement, 
the error i s increased to 4..06$. When the io n i s a t i o n measurements 
are made i t ne c e s s a r i l y increases the amount of material i n the beam 
of the instrument s t i l l further giving a f i n a l error of 5w$. 
The p r i n c i p l e of the scattering calculation w i l l be i l l u s t r a t e d 
by calculating the scattering introduced by the proportional counters 
and t h e i r container. 
The simplifying assumption w i l l be made that the scattering 
can be treated as i f i t took place a t a s e r i e s of discrete points 
rather than spread out over a s e r i e s of f i n i t e distances. The 
i n i t i a l scattering problem, i . e . before the proportional counters 
are inserted, then becomes as shoun i n F i g . 3*4«&v 
The t o t a l r.m.s. angle of scattering i n a given direction i s 
given by 
i 2] e or since © + 6 + e 
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4 ¥ ^ 9f* i s the t o t a l r.m.s. angle of scattering i n the G.M. counter 
and f l a s h tube assembly i n l e v e l B. 
* ^ i s the same for l e v e l C. 
i s the r.m.s. angle of scattering i n the G.M. counters i n l e v e l G • 
The scattering introduced when the proportional counters are 
inserted into the spectrograph cannot be added to the i n i t i a l 
scattering i n quite the same straightforward manner, as the scattering 
i n t h i s case takes place not within the magnetic deflection region, 
but between two of the direction defining l e v e l s A and B. I t i s 
required therefore to replace an actual r.m.s. angle for scattering 
a t a distance say \. above l e v e l B by an equivalent r.m.s. 
angle of scattering at the centre of the system. Using the 
nomenclature of Figure 3*4-*5« i t can be seen that f or small angles 
and for near v e r t i c a l t r a j e c t o r i e s 
The r.m.s. angle of scattering i s given, to s u f f i c i e n t accuracy, 
by the r e l a t i o n : 
» 
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Material Z 
0 
Thickness 
Glass 32.34 0.60 
Cu 13.3 0.40 
A l 26.3 0.16 
where E g = 21 MeV, X q i s the radiation length of the scattering 
medium i n un i t s of gm cm , and x i s i t s thickness i n gm cm , and 
|py3 i s the product of momentum ( i n MeV/c) and v e l o c i t y / c . 
The relevant values for the proportional counter assembly are 
shown i n table 3*4.1. 
Table 3.4.1. 
m) density (gm/c.c.) x (gm cm" 
2.5 1.50 
8.9 3.56 
2.7 0.43 
The magnetic deflection i s given by 6 = 300 \ Hdl 
P 
f 5 where j Hdl = 6.6 x 10 gauss-cm a t max. current. 
The percentage error due to scattering i n the proportional 
counters then becomes: 
— U / 
/ e 2 ) x i o o ( $ ) = fp - i \ e r ^ ( * \ ) * i ^ x 100J6 
= 3.6% 
for high momentum p a r t i c l e s where fi> — 1. 
This gives a t o t a l error due to scattering throughout the whole 
spectrograph of 5.4%. 
2U. 
By comparing t h i s r e s u l t with the uncertainty introduced by 
the f i n i t e s i z e of the Geiger counters we see that equality i s 
reached for n & 6. 
3.5. The Neon Flash Tube Assembly 
The maximum detectable momentum of the spectrograph using 
geiger counters i s ' v * 2 0 GeV/c. I n order to increase t h i s to a 
12 
figure of ^ 10 eV/c i t i s necessary to locate the p a r t i c l e 
t r a j e c t o r y with much greater accuracy. This i s done by using 
additional detectors i n the form of neon f l a s h tubes. 
These consist of glass tubes, f i l l e d with neon, which can be 
made to f l a s h by applying a high voltage pulse within a few 
microseconds of the passage of an ion i s i n g p a r t i c l e . They were 
invented by Converses group at P i s a (Conversi et a l , 1955) and 
dcvolopod for use i n Cosuic Ray Spectrographs by the Durham Group 
(Gardener et a l , 1957, Coxell e t a l , 1960). 
I n the spectrograph, U stacks of the tubes are used; one i n 
close proximity to each of the U t r a y s of geiger counters as shown 
i n F i g . 3.5.1. Each stack consists of 8 l a y e r s of c a r e f u l l y staggered 
tube8• The tubes are 0,75 cm i n diameter, and 62 cm long i n the 
stacks adjacent to the extreme counter trays and 22 cm long i n the 
two middle stacks. The system i s aligned by two v e r t i c a l l y hanging 
nylon threads which pass through holes d r i l l e d i n g r a t i c u l e s fixed 
at either end of each stack frame. In t h i s way the system i s 
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aligned to + 0.2 mm at each l e v e l and the accuracy of tr a j e c t o r y 
location a t each l e v e l i s + 0.3 mm. 
The high voltage i s applied across a set of thin horizontal 
aluminium p l a t e s placed between the various l a y e r s of tubes. When 
a p a r t i c l e passes through the geiger counter trays a coincidence 
pulse t r i g g e r s the high voltage pulsing unit and l a y e r s of f l a s h -
tubes are 'pulsed 1. Most of the tubes through which the p a r t i c l e 
passed f l a s h and photographs are taken of a l l the l a y e r s . Measurement 
of the reprojected photographs then gives an accurate determination 
of the deflection of the p a r t i c l e and thus i t s momentum. 
Since the increased accuracy of p a r t i c l e location i s only 
required for small category numbers, i . e . high momentum p a r t i c l e s , 
a 'momentum selector* has been constructed. This comprises an 
electronic c i r c u i t which triggers the high voltage pulse generator 
only when a f a s t p a r t i c l e has traversed the spectrograph. I n t h i s 
way a considerable saving i n time and film i s affected. 
The electronic c i r c u i t s w i l l next be described i n some d e t a i l . 
26. 
CHAPTER L 
THE AUTCMATIC MOMENTtM ANALYSER 
4*1 • Introduction 
A block diagram of the apparatus for the automatic recording 
and analysis of the p a r t i c l e momenta i s shown i n F i g , 4.1.1. The 
ove r a l l appearance of the instrument i s shown i n Plate 4.1. The 
operation of t h i s unit w i l l be described f i r s t i n general terms, 
then the individual units w i l l be considered i n some d e t a i l and 
f i n a l l y an outline of the operating procedure w i l l be given. De t a i l s 
of the performance of the apparatus and the r e s u l t s obtained using 
i t w i l l be given i n Chapter 5 and a description of the unit that 
s e l e c t s only the very high momentum p a r t i c l e s i n Chapter 6. 
4*2e General Description 
From the diagram ( F i g . 4*1.1•) i t i s seen that each geiger 
counter i s connected to a quenching unit and the outputs from the 
quenching units i n any one tray are connected by a common l i n e to 
one channel of a Rossi coincidence c i r c u i t . When a p a r t i c l e 
traversing the spectrograph gives r i s e to a 5-fold coincidence 
pulse by discharging a counter i n each of the f i v e l a y e r s A, B, 
C, D & G i t i s recorded. 
In order to measure the deflection of the p a r t i c l e s traversing 
the apparatus i t i s necessary to id e n t i f y the counters which are 
discharged. This i s done by assigning to each counter i n trays 
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A, B, C and D a pulse forming unit which i s triggered each time a 
p a r t i c l e discharges the counter. The height of the output pulses 
from each of these units i s related i n a simple manner to the 
position of the corresponding counter i n each tray, v i z : 
e = nfe + k 
n 
where e n i s the output voltage, n i s the number of the counter, i.e.. 
i t s position i n the tray.k and S are constants. 
The counters i n the extreme top and bottom t r a y s , i . e . A and 
D are each numbered from 1 to 25 and the counters i n the two middle 
trays i . e . B and C are numbered i n accordance with t h e i r position 
r e l a t i v e to the counters i n A and D, i . e . since each of the B and Q 
trays contains eleven counters, they are numbered from 8 to 18. 
I f now a l l the pulses associated with tho outer A and D t r a y s 
are of positive p o l a r i t y and a l l those associated with the middle 
trays B and C of negative p o l a r i t y , then addition of the pulses, one 
from each l a y e r , w i l l give a resultant pulse whose height i s a measure 
of the deflection of the p a r t i c l e and hence i t s momentum. 
Since: 
eo = ( eA + % * eC + eD ) 
= C(n^+ k) + (-ngS - k) + ( - n ^ -k) + (n^e + k ) ] 
= £ ( n A * V ' ( nB + n C ) ] e 
= n € 
where n, which gives the deflection i n terms of the diameter of the 
counters, i s the category number as defined i n Chapter 3« 
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The res u l t a n t pulse i s then displayed on a cathode ray 
oscilloscope and recorded photographically. 
Only those pulses associated with a 5-fold coincidence correspond 
to a p a r t i c l e traversing the whole of the spectrograph and i n order 
to s e l e c t these pulses i t i s necessary to ensure either that the 
pulses are only produced when a 5-fold coincidence has been registered 
or that they are only recorded under these conditions. The former 
can be accomplished by gating the individual pulse forming units 
with the 5-fold coincidence pulse from the coincidence unit, and the 
l a t t e r by using the coincidence pulse both to trigger the time base 
of the recording oscilloscope and to brighten the t r a c e . The l a t t e r 
method i s i n practice easier and has been adopted. 
A modification of the same procedure i s used to eliminate those 
events i n which one or more additional p a r t i c l e s traverse part or 
the whole of the apparatus at the same time as a p a r t i c l e r e g i s t e r s 
a 5-fold coincidence. 
The second p a r t i c l e may arises 
(a) As part of a shower. 
(b) From a knock-on event produced by the f i r s t p a r t i c l e . 
(c) By the chance passage of another p a r t i c l e within the resolving 
time of the system. 
These spurious r e s u l t s associated with otherwise genuine 5-fold 
events are automatically blanked out and do not appear on the 
29 
photographic record. They are. however, counted i n the t o t a l 
of 5-fold events, and also separately. 
The Pulse Forming Units 
The c i r c u i t i s based on the Manchester design and i s shown 
i n F i g . 4.3*1. Under normal conditions i s on, the potential a t 
the point B i s thus l e s s than a t C and Vg i s non conducting. I f 
a positive going pulse i s applied a t A the potential of the point 
B r i s e s u n t i l i t i s comparable with that a t C and s t a r t s to 
conduct. Once t h i s occurs any further r i s e i n potential a t B i s 
limited since a continuing r i s e could only occur i f current passed 
from A to B when the potential of the former was greater than that 
of the l a t t e r , i . e . when i s biassed i n the reverse d i r e c t i o n . 
Thus i f a positive pulse of magnitude greater than a certain amount 
i s applied a t A, 7^ i s cut off, 7^ i s turned on and the potential 
of the point G r i s e s by an amount independent of the input pulse 
and determined only by the power supplies and the c i r c u i t parameters, 
associated with V^. 
The height of the voltage step a t C i s then given by 
When the input pulse i s removed the c i r c u i t r e v e r t s to i t s o r i g i n a l 
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The voltage change a t A necessary to achieve s a t i s f a c t o r y 
operation must be greater than (Eg f^gj. " EA i n i t i a l ^ 0 r 
approximately E g i a s - E ^ j ^ y ^ since with the c i r c u i t values 
employed here point B r i s e s only s l i g h t l y above E D ^ a s 
The size of R 2, the common anode load, i s chosen to be much 
greater than either R^ or R^Q^Q The output pulse height then 
becomes almost independent of small changes i n ^ ( j j . 0 ( j e a * * , n e 
same time variations i n the output load reBistor R^ have l i t t l e 
e f f e c t on the current flowing through i t , so that the c i r c u i t 
behaves as a current pulse generator, a f a c t of some importance as 
explained below. 
A small amount of capacitative coupling takes place between the 
input and output terminals v i a the interelectrode capacity of 
which i s of the order of a few pF. Less than 1% of the input pulse 
height brealcs through i n t h i s manner, however, since i n operation 
the capacitative load across R^ i s several hundred pF and with R^ 
^ I k r v t h i s pulse decays with a time constant l e s s than a microsecond. 
A similar c i r c u i t can be used to generate negative going pulses 
by replacing the positive power supplies by negative ones, i n t e r -
changing the connections of anode and cathode, and applying a negative 
input pulse to operate the c i r c u i t . 
I t i s also possible to construct a pulse forming unit of the 
required type around a single pentode or triode, but i n t h i s case 
the output pulse i s very sensitive to valve c h a r a c t e r i s t i c s and 
r e l i a b l e operation over a long period would not be possible. 
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I n the adopted c i r c u i t p o s i t i ve analogue pulses are generated 
using the double diode c i r c u i t ( F i g . 4.3.1.) and negative ones by 
using the complementary c i r c u i t preceded by a simple i n v e r t e r . The 
height of the output pulse from the pulse forming unit i s controlled 
by varying R 0 The analogue pulse forming units for the counters i n 
fray A (or D) are connected together as shown i n F i g . 4*3*2. and 
those for Tray B (or C) as shown i n F i g . 4.3.3. The output pulses 
from a l l units appear across a common load resistance R^ which 
consists of R^^and R^gn p a r a l l e l , D.C. i s o l a t i o n being provided 
by suitable coupling condensers. The pulses are derived from a high 
impedance source, i . e . constant current sources, so that the current 
flowing into R^ from a p a r t i c u l a r unit i s unaffected by the current 
flowing into i t from other units and t h e i r e f f e c t s are additive. 
The values of and R^ were chosen to ensure s u f f i c i e n t accuracy 
of pulse height addition without making the pulse heights too small 
(see section 4.8.). The values chosen make k = 0.4 v o l t s , and 
£ = 0.08 v o l t s i n the equation e n = n 6 + k giving a range 
of pulses heights from 0.48 to 2.4 v o l t s corresponding to n = 1 
and n = 25. 
4.4* The coincidence C i r c u i t 
I t w i l l be seen from F i g s . 4.3^i. and 4*3.3* that the output from 
each quenching unit i n a given tray, besides being connected to a 
pulse forming unit, i s connected v i a a 100K r e s i s t o r to a common 
l i n e . Pulses on t h i s l i n e are amplified and fed into one of the 
channels of the Rossi coincidence c i r c u i t . 
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The value of the r e s i s t o r connecting the quenching unit to the 
common l i n e was chosen to ensure that no interaction took place 
between the units. This method of coupling unfortunately means 
that an attenuated version of the quenching unit pulse appears on 
the common l i n e and i n order to operate the Rossi c i r c u i t e f f i c i e n t l y 
the pulses must f i r s t be amplified. This i s done by a grounded 
grid amplifier (V^ i n Figure 4.4.I.) which provides amplification 
without phase r e v e r s a l . The po s i t i v e output pulses from t h i s then 
pass to the cathode followers and Yy 
The purposes of the double cathode follower arrangement Vg and 
V 0 and i t s associated resistance network R. and R_ are: 
(a) To provide a low impedance source for the signal which has to 
be fed v i a a length of coaxial cable to the Rossi c i r c u i t . The 
low impedance course reduces the attenuation and d i s t o r t i o n i n 
the connecting l i n k , and 
(b) To prevent "grid-current-limiting" i n the f i r s t valve of the 
Rossi c i r c u i t from reacting back on the Rossi preamplifier. 
This must not occur since i t would interfere with the operation 
of the multiple event eliminating unit. 
The Rossi c i r c u i t follows standard practice. The c i r c u i t i s 
shown i n Figure 4»4«2. F i v e channels are shown, but i n the 
proportional counter experiment t h i s was increased to s i x . 
B, C, D, and G a r e i n v e r t e r s « V 2 A , B, C, D and G a r e t h e R o s s i 
coincidence valves. The univibrator i s triggered by 
coincidence pulses from the 
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discriminator valve Vj and operates a message r e g i s t e r recording 
the number of 5-fold coincidences* The unit gives negative and 
positive output trigger pulses* The negative one serves to trigger 
the time-base and the positive one i s used to gate the c i r c u i t 
connected with the elimination of spurious records from multiple 
events and to gate the momentum selector c i r c u i t . 
The resolving time of the coincidence c i r c u i t 
The resolving time i s controlled by either the length of the 
quenching unit pulses or by the time constant of the d i f f e r e n t i a t i n g 
network which precedes the Rossi valve, depending on which factor 
l i m i t s the length of the pulse appearing a t the Rossi valve anode. 
I n t h i s case the time constant of the d i f f e r e n t i a t i n g network controls 
the resolving time, although the dependence i s not l i n e a r , as i t 
i s a l s o a function of the quiescent grid potential of V^. 
The choice of suitable values for the d i f f e r e n t i a t i n g network 
components was a compromise between several opposing f a c t o r s . 
(a) The time constant should be as small as possible i n order to 
reduce the number of spurious events. 
(b) Instrumental l i m i t a t i o n s of the minimum value of the time 
constant. 
I n i t s o r i g i n a l form the d i f f e r e n t i a t i n g network did not include 
the r e s i s t o r R^ and the time constant was given by C^ftg. The 
minimum value of R* was then limited by the gr i d d i s s i p a t i o n of the 
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Rossi valve and further reduction i s C jRg could only be obtained 
by reducing C^, but there vas a l i m i t here a l s o . The grid r e s i s t o r 
Rg was i n p a r a l l e l with a capacity made up of the input capacity of 
Q 
the valve g k ~10pF, and the stray capacity of the wiring, of the 
order of a few pf, and t h i s , together with C'^ formed a potential 
divider across the source of the signal . Therefore i f C g was 
reduced to only a few pF the signal reaching the grid would be 
i n s u f f i c i e n t to turn off the valve and would make discrimination 
d i f f i c u l t . 
The purpose of the second r e s i s t o r R'^  i s to overcome t h i s 
d i f f i c u l t y . i s i n p a r a l l e l with as f a r as A.C. signals are 
concerned, and i t i s possible to reduce the time constant, without 
increasing the grid current or attenuating the s i g n a l . Short pulses 
*^(^ugec. can be obtained, but unfortunately theco short pulses are 
not rectangular i n shape as the r i s e and decay times are also of the 
order of 1 yusec. This means that with short pulses the resolving 
time i s a somewhat uncertain quantity and depends very much on the 
setting of the discriminator stage. 
(c) The E f f e c t of Time Delays 
The signals from A, B, C, D and 6 do not a r r i v e simultaneously. 
This w i l l lead to a l o s s of 5 - fold coincidences i f the 
resolving time i s too short. The time delays are due to 
several causes. 
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1. Time delays i n the Geiger counters -^few O.lyAsec. 
2. Variations i n time delays between input and output pulse 
among quenching units due to the tolerance of components. 
A spread of up to 0.5 ^usec. has been found. 
3. The delay ^ 0 . 5 jxsec. introduced into A, B, C and D, but 
not G counters by the Rossi preamplifiers and associated 
equipment. 
4. Delays sec. i n the inverter stage a of Rossi c i r c u i t as 
r e s u l t of s e l f biassing action and f i n i t e pulse r i s e times. 
The d i s t r i b u t i o n of the o v e r a l l time delays was measured by 
triggering an oscilloscope from the G counters and examining 
the 5-fold coincidence pulses on the Rossi valve anode. The 
r e s u l t s shown i n F i g . 4.4.3. are for the f i n a l c i r c u i t . From 
those r e s u l t s i t i s possible to determine: 
(a) The mean time delay r e l a t i v e to the G counters. This 
was 2.5yttsec. 
(b) An estimate of the number of 5-fold coincidences which were 
l o s t . This was l e s s than 1%, 
(c) A measure of the resolving time, since pulses a r r i v i n g 
a f t e r t h i s time are severely attenuated. The value 
obtained was 6.0 + 1.0 yusec. 
This value was checked by counting the number of 2-fold 
coincidences between two sets of counters and applying the 
formula: 
70~\ 
65 H 
6<H 7&T»Z. A * OF Evenrs /09 
SO H 
PULSES 
^ 35-\ 
30~\ 
Z5-
20-
'S-
<o-\ 
s^ 
T 
3 4 6 
r/Afi" QELAY ( S E C ) 
p/G. 4.4.3 D/SmiBUT/ON OF T/ME DELAYS 
36. 
n = 2N1N2TT 
where n = number of coincidences, and are the individual 
r a t e s of two Bets of counters a n d T i s the resolving time. 
After correction for the genuine 2-fold coincidence r a t e t h i s 
gave "C" = 6 . 2 + 0 . 6 ^ i \ s e c . Using t h i s value of XT the spurious 
5-fold coincidence rate was found to be 0.3% of the t o t a l . 
(The calculation i s given i n Chapter 5 ) . 
The time delays also a f f e c t the amount of overlap of the 
pulses from the pulse forming units and i t was found necessary 
to increase the o r i g i n a l pulse length of the quenching units 
from 7 to 15 yusecs.j i n order to obtain a useful plateau 
region. 
4.5» The time-base 
The i n t e r n a l time-base of the oscilloscope ( F u r z e h i l l ) that 
was available was unsuitable and an appropriate one was constructed. 
The c i r c u i t used i s shown i n F i g . 4.5.1. The negative pulse from 
the Rossi c i r c u i t triggers a cathode coupled univibrator. The 
negative output pulse from t h i s performs two functions. 
(a) I t cuts off Vg, producing an exponentially r i s i n g pulse a t 
i t s anode. This pulse i s then fed into the X-amplifier of 
the oscilloscope, and 
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(b) I t operates the automatic trace-brightening c i r c u i t V_ and V.. 
3 4 
i s an inverter and amplifier and i s a cathode follower 
the positive output pulse from which i s fed on to the modulator 
grid of the cathode ray tube. 
.6 The Elimination of M i l t i p l e Events 
The purpose of the unit for the elimination of multiple events 
has already been explained. I t s action i s based on the f a c t that i f 
m counters i n one tray go off simultaneously the pulse on the 
common l i n e i s m times as large as that due to a single counter alone. 
A discriminator following the Rossi preamplifier (Figure 4.4.1.) 
discriminates between m = 1 and m > 1 events, but as only those 
events which occur a t the same time as a 5-fold coincidence are of 
importance the discriminator valve i s normally biassed off at the 
suppressor grid. The valve I s gated by a positive pulne from the 
Rossi c i r c u i t . The anodes of the four discriminators are joined, 
so that i n event of a 2- or more-fold coincidence occurring i n 
any tray a t the same time as a 5-fold coincidence between A, B, C, 
D and G a pulse w i l l appear across the common anode load and trigger 
the univibrator V,.. The univibrator and and then generate 
a negative pulse which i s used to blank out the trace on the 
oscilloscope. The number of these events i s recorded by a message 
r e g i s t e r c i r c u i t . 
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4-7. The Oscilloscope and Pulse Hecording Equipment 
The screen of the oscilloscope, which i s about three inches 
i n diameter, i s masked by a black d i s c with a v e r t i c a l rectangular 
s l o t i n the middle and a corresponding mask f i t t e d inside the 
recording camera. Two bulbs are mounted inside the camera cone. 
One i s used to illuminate the scale and the other to provide a time 
marker. The camera i s motor driven, and has an £/l,9 l e n s which 
i s used at f u l l aperture. The fil m used i s I l f o r d HPS. 
U*8. Factors affecting the accuracy of the momentum analyser 
1. Accuracy of measurement of R j and R^ 
R^ i s of the order of one hundred times smaller than Rg 
so that an accuracy of 1% i n R^ i s quite s u f f i c i e n t . 
Rg can be measured to about 1 part of 10^ at the low 
resistance end ('^100K) and to about 1 part i n 10' a t the high 
resistance end («^*520K). The l i m i t s are imposed by the 
s e n s i t i v i t y of the galvanometer used i n conjunction with the 
Wheatstone Bridge. The accuracy of the l a t t e r i s about 1 part 
5 
i n 10 a t the rated temperature. The actual measurements were 
performed at a s l i g h t l y higher temperature, but as r e l a t i v e 
values only were required t h i s was not important. 
I t i s important that high accuracy be maintained over an 
appreciable period of time. To t h i s end high s t a b i l i t y r e s i s t o r s 
were used. A small part of the carbon deposit on each was 
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c a r e f u l l y removed u n t i l t h e i r values were within 1% of the 
required calculated values. They were then coated with 'Aquatect', 
allowed to dry and soldered into position. A 'soak-test' i n the 
form of the f u l l H.T. voltage applied across then was performed 
and no changes i n resistance were detected over some 24 hours. 
The r e s i s t o r s were then made up to the required values by adding 
s n a i l value carbon r e s i s t o r s i n s e r i e s or large values i n p a r a l l e l . 
I t had been hoped o r i g i n a l l y that temperature variations 
would have l i t t l e e f f e c t on the r e s i s t o r s and that the 'cold' 
value of the r e s i s t o r s would be s u f f i c i e n t l y accurate. 
Unfortunately t h i s proved not to be the case. The temperature 
coe f f i c i e n t was found to be 10""% per C and taking the ambient 
temperature of a r e s i s t o r running at i t s rated value to be 70°G 
(manufacturers' data) t h i s gives an error of about 1%, I f a l l 
the r e s i s t o r s operated at the same temperature the errors would 
tend to cancel out, but a considerable proportion of the r e s i s t o r s 
d i s s ipate f a r l e s s than t h e i r rated wattage. I t was necessary 
therefore both to enclose the r e s i s t o r s i n a thermostatically 
controlled cabinet and to measure t h e i r values a t t h e i r maintained 
working temperatures under such conditions. This was achieved 
by measuring the resistance, with a bridge c i r c u i t , a t various 
times a f t e r switching off the H.T., extrapolation back to zero 
time i n t e r v a l then gave the 'hot' value. 
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Variations of Diode Resistance 
The diode resistance i s a function of several variables, 
but nowhere does i t s resistance become greater than about 1/2$ 
of the corresponding value of Rg. I t i s shown below that the 
maximum required accuracy for R^  + R^  + ^ j ^ e i s P611"* * n ^ °°» 
the accuracy required being directly proportional to pulse height. 
This means that R,. , must be known to about 10$ to enable the diode 
value of R^  + R^  to be calculated and for reasonable allowances 
to be made for deviations of the experimental values from the 
required ones. 
Method of Measurement 
An identi oel copy of the practical c i r c u i t was set up. The 
voltage drops across both Rg and th« diode were measured with a 
high resistance voltmeter of high quality. The value of R,jj_ 0 (j e 
was found to be dependant on several parameters. 
(a) Value of the anode current, i . 
Theory shows that the potential drop across the valve should 
2/3 
vary as i (Child's Law). This was found not to be the case 
el 
under the conditions i n question. Reference to the manufacturer's 
data for the valve showed values of i and v which did agree with 
the 2/3 power law, but the values of i were a l l much larger than 
the ones being used here. Close examination of the assumptions 
made i n derivation of the formula revealed that the i n i t i a l kinetic 
energy of the electrons had been neglected. This contribution to 
the f i n a l energy of the electrons w i l l become more important as v 
cL 
decreases. Measurements showed that ^ , j j _ 0 ^ e varied from 
about 500 ohm to IK ohm over the range of i used In 
ft 
practice. 
(b) Effect of age. 
The effect of age on w a s found to be most 
noticeable under low current conditions where the i n i t i a l 
kinetic energy of the electrons has most effect. The change 
i n fio^gdQ with time appeared to be most rapid i n the f i r s t 
few hours after which i t settled down. 
(c) Heater Voltage, V^ . 
A 1056 variation i n V^ gave a 10$ change i n R a i 0 ( j e 
A spread i n the value of H^^g w a s also found for a group 
of valves operating under identical conditions. The spread 
amounted to + 15$ of the mean value. 
The procedure eventually adopted to cope with these variations 
due both to heredity and environment was to divide the valves 
into groups according to their resistance. Valves from the 
numerically largest group were then used to f i l l the positions 
where i s °f greatest significance, i.e. where Rg has i t s 
lowest values. The remainder were then f i l l e d with valves from 
groups of progressively lower resistance. In t h i s way some 
compensation for the increase of R , j i 0 ^ e w i * h decrease of i a could 
be made. This took care of the majority of the valves and the 
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values of Rj£0(je * n *h e few remaining positions was of such l i t t l e 
importance that the remaining valves could be used i n any order. 
The value of ^ Q^^ Q used i n the calculation i s the measured 
value for ftj£0(je **or position 25» i.e. Rg minimum. 
Replacements for valves are obtained from a collection of 
aged valves. 
The accuracy of the addition process 
(a) Addition of pulses of the same polarity. 
The equivalent c i r c u i t for this i s shown i n Fig. 4.8.1. 
From thi s i t can be shown that the output (sum) pulse e Q i s 
given by: 
eo 5 8 K l + e o 2 ) ( l - k ) 
where e , = & e = R £ 
*2,1 + R3 + Rdiode 0 2 H2,2 + S + "diode 
and where k = 2R^  
^ , 1 + R2,2 
(b) Addition of pulses of opposite polarity. 
The equivalent c i r c u i t i s shown i n Fig. 4.8.2. As i n 
the above. 
eo = < eol + e o 2 ) ( l " k ) 
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where e - = & e = R 3 E 
\ l +' R3 + Rdiode E2,2 + *3 + Rdiode 
R 2 
and i n th i s case k = q 
*2,1 X R2,2 
For the values used here, i.e. R^  ""Ik & Rg ~- 100K 
this expression i s always very snail and can be neglected. 
The addition of the four pulses, one for each of the groups 
of pulse generators associated with trays A, B, G & D, can be 
considered i n three steps. 
( i ) e A + e D — * e f say 
( i i ) e B + e c e g 
and f i n a l l y ( i i i ) e f + e g — * e Q 
SuBps ( i ) and ( i i ) both involve the addition of pulses of 
the same polarity and are therefore subject to an appreciable 
error, but step ( i i i ) i s concerned with pulses of opposite 
polarity and introduce negligible error. In fact since the 
errors i n e» and e are oppositely directed they w i l l tend to S 
cancel out i n step ( i i i ) . 
The overall result of th i s i s that because a given category 
number can arise i n a variety of ways due to the_ several 
combinations of e^ + e g + ep + e j ) ^^a^ Sive e n» not be 
represented by a unique pulse height, but by a range of pulse heights 
This spread i n pulse height i n a given category w i l l depend on 
the category number. In category 0 i t i s clear from considerations 
of symmetry that the errors i n steps ( i ) and ( i i ) must always 
cancel, so that the overall error i s n i l . In other categories 
the spread increases with the category number. 
Fig. 4.8.3. shows the calculated variation i n the overall 
error as a function of category number. 
The inaccuracy leads to a non-linear scale, but the actual 
spread' of pulse heights corresponding to a given deflection i s 
not serious. 
Taking these facts into consideration i t was decided to make 
equivalent to l/20 of a deflection category i n the pulse height. 
This should ensure that the maximum spread of pulse height 
corrBspending to a given category does not exceed +0.3 category. 
Accuracy of the oscilloscope and associated equipment 
There i s a slight non-linearity i n response of the oscilloscope 
to positive anA negative signals. This has been corrected by 
using a non-linear scale. 
The Stability of the Apparatus 
The s t a b i l i t y i s mainly dependent on the constancy of the 
power supplies. The oscilloscope i s fed from a constant 
voltage transformer. The pulse forming units have electronically 
stabilised H.T. supplies, also fed from a constant voltage transformer, 
and i n practice i t has been found that the d r i f t i n output pulse 
due to H.T. changes does not exceed 0.1 of a deflection category 
per day. 
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4.9. Operational Sequence for the Momentum Analyser 
The sequence i s , of course, governed by the actual experiment 
being performed. Much of the work, with the spectrograph has concerned 
the measurement of the spectrum and i t i s the operational sequence 
for this experiment that w i l l be described. 
Briefly, photographs are taken of the pulse heights corresponding 
to the cosmic rays passing through the spectrograph. Since the 
chance i s small of successive particles having the same category 
number a number of pulses can be recorded on the same photograph. 
In practice i t i s sufficient to accumulate traces for a period of 
2 minutes before moving on the film i n the camera, Since the magnet 
current i s not stabilised i t i s necessary to measure the current at 
frequent intervals; this measurement i s performed photographically. 
A l l tining operations are controlled by 1 second impulses from 
a standard clock. These operate a system of uniselectors which 
control 
1. The oscilloscope camera motor. This i s switched on for 1 sec. 
every 2 minutes. 
2. The illumination of the oscilloscope scale. This i s done every 
2 minutes for 25 sees. 
3. The flashing of a time marker bulb inside the camera cone. This 
occurs every 10 minutes, i.e. once i n 5 frames. 
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4* The motor of the camera which records the time and the magnet 
current. 
5« Illumination for the above camera. 
Before the apparatus i s allowed to operate automatically a 
number of checks are performed manually. These are as follows:-
1. Adjustment of stabilised H.T. voltages to give equality between 
positive and negative pulses. This is done by triggering a l l 
the pulse forming units corresponding to the central counters, 
i.e. to number 13, from a common li n e . The positive H.T. supply 
i s then altered u n t i l zero output i s obtained when the coincidence 
cir c u i t i s set to 4-fold operation. 
2. Adjustment of CRO amplifier. This time the pulse forming units 
corresponding to A25, B13, C13 and D13 (i.e. corresponding to 
category 12) are triggered from the same counter and the gain 
control adjusted u n t i l the pulse height coincides with the + 12 
mark on the scale. The adjustment i s then checked by 
substituting Al for A25. This should give a pulse height of 
- 12 units. 
3« Photographic calibration of the scale to correct for non-linearity. 
The brilliance of the spot i s reduced and the camera replaced. 
The Rossi c i r c u i t i s then switched to 2-fold A-B operation and 
the traces recorded photographically for about 2 minutes after 
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which the scale i s illuminated. The 2-fold coincidence rate i s 
high enough to ensure that i n general a l l possible pulse heights 
are recorded i n the 2 minutes and this calibration i s used when 
the film i s projected for analysis. 
The actual run. A l l the important parameters are noted, e.g. 
H.T. plus and minus, Rossi ci r c u i t message register, multiple 
event message register; and the t o t a l counting rates for a l l 
5 trays measured. The 'run' i s then started using 5-fold 
coincidences at some noted time, by switching on the uniselector 
system and the E.H.T. supply for the Geiger counters. 
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CHAPTER 5 
THE PERFORMANCE OF THE SPECTROGRAPH 
5»1» Consistency of pulse heights 
Some idea of the consistency of the pulse height for a given 
category number derived from different combinations of counters 
can be seen from Plate $.1. The f i r s t photograph (A) shows about 
200 pulses derived from AB coincidences and (B) a similar number 
from CD coincidences. The strong peaking of the distribution of 
pulse heights about the category numbers i s very marked. 
A set of typical records for 5-fold coincidences i s shown i n 
photograph (C). Each frame corresponds to a 2 minute exposure and 
the average number of pulses per frame i s ^ 7 (at maximum f i e l d ) . 
As already mentioned, this exposure was chosen as a compromise 
between excessive use of film for short exposures and large numbers 
of unresolved superimposed pulses for long exposures. 
In Fig. 5.1.1. i s shown the distribution of nominal category 
0 pulses about zero. The observed spread i n value i s due entirely 
to inaccuracies i n the individual pulse heights, since the analysis 
i n Chapter 4- has shown that the error i n the addition process i s 
zero for category 0 irrespective of which combination of pulse 
heights from A, B, C & D yields this value. 
The distribution curve i s not absolutely symmetrical about the 
origin, but this i s almost certainly due to an error i n determining 
the position of the origin. The mean spread (standard deviation) 
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i s approximately 0.1 category and the maximum observed spread i s 
0.35 category. 
I t can reasonably be assumed that the spread about the nominal 
value i n categories other than zero w i l l be similar except for an 
additional spread due to the addition process. By reason of this 
the possibility of overlap between adjacent categories w i l l be 
greatest at the highest category numbers. In category 15 for example 
which i s the highest category number that i s measured, the maximum 
deviation from the centre of the distribution corresponding to this 
category i s 0.06 category. 
From this i t i s concluded that the probability of a particle 
being allocated to the wrong category i s negligible. 
The Frequency of Accidental •3oincjLd.gac.e_q 
The measured 5-fold rate includes these events i n which more 
than one particle has traversed the spectrograph within the resolving 
time ( 6 ^ 4sec.) of the electronic c i r c u i t s . In th i s group are 
included not only those events i n which a particle traverses the 
whole of the spectrograph accompanied by another particle which 
discharges counters i n one or more trays, but also those events i n which 
the 5-fold coincidence i s the net result of two particles, for example, 
one discharging counters i n A and B and the other discharging counters 
i n G, C and D. A l l such events lead to spurious momentum measurements 
and i t i s important to estimate their expected frequency. 
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The estimate i s made by considering the way i n which chance 
2-fold and 3-fold etc. coincidences between sets of counter trays 
could give rise to spurious 5-fold coincidences, (this includes 
both the above cases). The counting rates for these particular 
sets of counter trays are then determined and the values substituted 
i n the appropriate equations i.e. 
rig = 2JHjP£Z for chance 2-fold coincidences 
& n^ = 3N^ N-,N^ X for chance 3-fold coincidences 
where N^, and are the rates of the three independent events 
and X"is the resolving time of the c i r c u i t i n question. I t was 
found that the contribution from chance 3-fold coincidences could be 
neglected, as also could that from 2-fold combinations of the type 
AB + GCD whose t o t a l contribution amounted to a few percent only 
of the whole. The important contribution was that due to chance 
2-fold coincidences between the counters of a single tray and the 
4-fold coincidences of the other four. The results are li s t e d i n 
table 5*2.1. from which i t can be seen that about 80$ i s due to 
A + BCDG & D + ABCG. The overall spurious rate at this stage i s 
1.19$. 
A large proportion of these spurious 5-fold events are eliminated 
by the device which detects these events i n which 2 or more counters 
are discharged simulataneously i n any one of the four trays A, B, 
C & D. This device has been described i n Chapter 4. The remaining 
spurious 5-fold rate may then be estimated as follows. Consider, 
as before, the various p o s s i b i l i t i e s ! 
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1. Combinations such as B + AGCD. The required AGCD rate w i l l be 
that corresponding to particles that have traversed counter tray 
B without discharging any of i t s counters since from geometrical 
consideration the particles must go through B. This rate i s 
found by subtracting the 5-fold ABGCftrate from the measured 
4- fold AGCD rate. From this resultant rate and the measured 
B rate an upper l i m i t for this contribution to the spurious 
5- fold rate can be obtained. This i s an upper l i m i t since the 
corrected AGCD rate contains chance 4--folds which are not detected 
in these simple rate measurements, and the B rate includes particles 
which discharge counters i n the other trays, but also go undetected. 
Similar considerations apply to the other four combinations. 
2. Combinations such as AB + GCD. From geometrical considerations, 
with one exception, one or both the particles concerned i n any 
one such event must traverse at least one counter tray without 
discharging a counter. The probability of th i s occurring i s 13% 
for each traversal so that this already small contribution becomes 
negligible. The exception i s the combination AD + BGC where there 
exist possible trajectories which do not give to multiple 
discharges i n any of the trays, but even i n this case the 
contribution i s •£'10""^  c/min. and can be neglected. 
The values are listed i n table 5.2.2. The upper l i m i t of the 
spurious rate becomes 0,33% and i t i s again seen that A + BCDG and 
D + ABCG making up ^80% of th i s rate. 
5% 
Table 5.2.1. (a) Table 5.2.1. (b) 
Counter Tray Rate (c/min) Combination Chance 5-fold rate 
A 17,019 + 131 A + BCDG 2.00 + 0.20 x 10" 2 
B 3,162 + 56 B + ACDG 3.0 + 0.37 x 10"3 
C 2,541 + 50 C + ABDG 3.2 + 0.4 x 10~3 
D 18,258 + 135 D + ABCG 2.05 + 0.20 x 10"2 
G 638 + 25 G + ABCD 8.4 + 1.07 x 10" 4 
ABCDG 4.01 + 0.08 
BCDG 5.68 + 0.10 
ACDG 4.55 + 0.35 X = 6.2 + 0.6 /%ec. 
ABDG 6.14 + 0.40 
ABCG 5.43 + 0.11 
ABCD 6.35 4. 0.47 Total Spurious rate = 1.19 + . 
Table 5.2.2. (a) Table 5.2.2. (b) 
Combination Rate (4-fold 5-folci) Combination Chance 5-fold rate 
(c/min) 
BCDG 1.67 + 0.13 
ACDG 0.54 + O.36 
ABDG 2.13 +0.41 
ABCG 1.42 + 0.14 
ABCD 2.34 + O.48 
A + BCDG 
B + ACDG 
C + ABDG 
D + ABCG 
G + ABCD 
(c/min) 
5-89 + 0.74 x 10' ,-3 
3.6 + 2.4 x 10' r4 
1.12 + 0.24 x 10' 
5.39 + 0.75 x 10' 
r3 
,-3 
3.1 +0.7 x 10' -4 
Total Spurious Rate = 0.33 1 0.03% 
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I t i s concluded that the spurious rate arising from accidental 
coincidences i s sufficiently low for almost a l l envisaged 
applications of the spectrograph. 
Operation With Zero Magnetic Field 
By analogy with the '"no-field operation"1 of a magnet-cloud 
chamber the magnitude of spurious effects can be estimated from the 
results found with the spectrograph operated without magnetic f i e l d . 
For example, inaccuracy i n the alignment of the counter trays 
and certain types of electronic faults w i l l result i n the ratio ( + / — ) 
being significantly different from unity. Other inaccuracies etc., 
can be inferred from the absolute magnitudes of numbers of particles 
having high category numbers. 
When operated with zero magnetic f i e l d , particles are recorded 
having category numbers other than zero fiue to the following:-
1. Tracks of zero deflection contribute to categories - 1, 0, + 1. 
This i s an instrument characteristic. 
2. The scattering of low energy particles i n the various layers 
of the instrument. 
3. Accidental coincidences of different particles passing through 
the layers but satisfying the condition that only one counter ' 
be discharged i n the layers A, B, C and D. 
4. Malfunctioning of the apparatus. 
The instrument was operated for an extended period i n which 
48,900 particles were recorded. The results were analysed by a 
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colleague Mr. M. Gardner and the distribution that he obtained i s 
shown i n Figure 5.3«1» -Also shown i s the expected distribution 
considering Item 2 above. ALmost the whole contribution arises 
from the scattering of electrons. The expected distribution was 
calculated using the data summarised by Puppi (1956). Complete 
agreement between the two was not to be expected as Puppi's spectrum 
includes electrons which are produced accompanied by another particle 
and which are rejected by this Instrument i f the two pass through 
any of the detecting levels. 
In order to investigate Items 3 and 4, a 2 cm lead absorber was 
placed some distance above the spectrograph. This had the effect 
of attenuating the electron flux considerably: slow electrons were 
absorbed and many fast electrons produced showers which discharged 
more than one counter and were rejected. The distribution of category 
numbers for 20,000 particles norm&li.sad to the same number of particles 
i n category zero as for the previous experiment i s also shown i n 
Flgure53|ftogether with the expected distribution based on Wilson's 
data (1952) on the probability of electron penetration. The excess 
of observed frequency over expected frequency i s not inconsistent with 
a spurious rate of a few per 1,000, as expected from the analysis of 
the resolving time of the circuits and the known particle rates given 
i n 5.2. 
•4 Operation With Magnetic Field 
In an extended experiment at the maximum f i e l d 102,874 particles 
were recorded. The direction of the f i e l d was reversed periodically 
and roughly half of the particles were recorded for each f i e l d 
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direction. The positive-negative ratio has been determined from 
the data by Mr. M. Gardner and Figure 5»4.1» shows his results for 
the variation of this quantity with momentum. A difference between 
the values for the ratio found with opposite fields was accounted 
for by a small displacement i n G. The error i n the mean ratio due 
to this displacement i s second order and estimated to be <1%» 
The variation of the positive-negative ratio with momentum i s 
compared i n Figure 5.4.I., with the previous most accurate result 
found by Owen and Wilson (1951) for the t o t a l flux (i.e. mesons and 
protons) at sea level. I t i s apparent that there i s no significant 
difference between the results of the two experiments. 
Also shown i n Figure 5.4.1. are the results of an extended 
The results are seen to be consistent with those at higher f i e l d . 
experiment with reduced magnetic f i e l d j H d l 2.67 x 10 gauss-cm. 
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CHAPTER 6 
THE MOMENTUM SELECTOR 
6.1 The Basic Principle 
I t has been mentioned already (Chapter 3) that the speed of 
analysis of high momentum particles i s considerably increased i f the 
flash-tube part of the spectrograph i s triggered only for the high 
momentum particles. In practice t h i s means the selection of 
categories 0 and 1. The method used i s to measure the height, 
regardless of sign, of the pulses from the momentum analyser, and 
to mix any pulse greater than that corresponding to category 1 i n 
anticoincidence with the 5-fold pulse from the Rossi c i r c u i t . 
6.2 The Electronic CircuitstDifficulties of Design 
In the design of the c i r c u i t there were three main d i f f i c u l t i e s 
to contend with. 
1. Differing time delays between a particle passing through the 
spectrograph and the start of the four momentum analyser pulses 
corresponding to levels A, B, C and D produce output pulses with 
large peaks at the beginning and end. This i s overcome by 
applying a delayed gating pulse to the amplitude discriminator* 
2. The amplitude of a category 1 pulse is roughly 80mV and i n 
order to discriminate satisfactorily against pulses greater than 
this prior amplification i s necessary. The degree of amplification 
•must be such as to make the division between category 1 and 2 pulses 
quite distinct despite the spread i n pulse amplitude associated 
with each category. An amplification factor of 100 i s suitable, 
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since i f the minimum separation i s 0.3 category (See Chapter 5) 
this w i l l give a difference of at least 2.4 volts which makes 
the design of the discriminator a relatively straightforward task. 
Unfortunately the amplifier has a wide range of input pulses to 
deal with varying from a possible -3.7 volts corresponding to 
B18 - C18 to + 4.8 volts corresponding to A25 + D25. A normal 
amplifier would overload on many of these pulses and even i f the 
rate of input pulses was low enough to allow the amplifier to 
recover between successive pulses trouble would s t i l l be 
experienced from the large positive peak that precedes tha plateau 
region of the pulse. I f t h i s i n i t i a l positive voltage 
excursion i s sufficient to overload the amplifier, then the 
amplifier w i l l be blocked to normal operation throughout the 
operative period of the discriminator. 
2» The ci r c u i t must be capable of dealing with the high rate of 
input pulses ^ 50,000/miji, the main problem being to avoid the 
pile-up of pulses anywhere i n the c i r c u i t . This i s most 
l i k e l y to arise as the result of overloading i n the amplifier 
which w i l l cause grid current to flow and charge up the coupling 
condensers through the relatively low grid to cathode resistance. 
Discharge at the end of the pulse can then only take place through 
the grid resistor, so that the overloading pulse w i l l give rise 
to a long exponentially decaying t a i l which at worse w i l l block 
the amplifier to normal operation and at best introduce an uncertain 
amount of j i t t e r i n the zero level. 
The Amplifier 
A conventional amplifier could be made to operate satisfactorily 
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under these conditions, but i t would be necessary to use a high voltage 
h.t. line and valves which would handle the power involved and yet 
remain capable of operating i n the Mc/s region. An alternative 
solution i s to use the amplifier designed by Chase and Higinbotham 
(1952). This i s so designed that i t never blocks on negative 
input pulses and w i l l handle positive input pulses u p to an 
appreciable fraction of the h.t. l i n e voltage. 
The basic c i r c u i t i s shown i n Figure 6.2.1. and are 
long tailed pairs. The resistance condenser network Rg and C 
forms the negative feedback loop. The amplifier operates normally 
for small pulses, say c/volt, but a large negative input pulse 
causes V^a to be cut off and the current through V^ ,Q to approximately 
double. The resultant negative pulse at the anode of i s then 
treated i n a similar manner by Vg. Thus with the proviso that 
can carry twice i t s quiescent current without being driven into the 
grid current region there i s no l i m i t to the size of a negative 
input pulse than can be handled without "blocking". 
The conditions for a positive input pulse are more c r i t i c a l . 
A large positive input pulse raises the potential of cathode 
eventually causing to be cut o f f and allowing to function as 
a cathode follower* The maximum allowable input pulse i s then that 
which just does not draw grid current and can be cm appreciable 
fraction of the h.t* voltage* Vg must of course be capable of 
dealing i n similar manner with the positive pulse produced when 
i s cut off. 
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The Complete Circuit 
A block diagram of the f i n a l c i r c u i t i s shown i n Figure 6.2.2. 
and the complete c i r c u i t i n Figure 6.2.3* 
The mode of operation i s as follows: The input pulses from the 
momentum analyser are amplified 100 times and fed via a phase 
spl i t t e r to two identical discriminators whose outputs are connected 
i n parallel. One of the discriminators operates on positive pulses 
produced by negative input pulses and the olher on positive pulses 
produced by positive input pulses. Separate controls for their 
bias levels enable any differences i n amplification of positive 
and negative signals to be corrected. The discriminators are 
normally off i n operation, being biased o f f by their suppressor 
grids, and are gated by a 4 >"s pulse from a pulse generator which 
i s triggered by a. delayed pulp* ( .-w 2^s) from the Rossi c i r c u i t , 
so that the height of the plateau region of the desired pulse i s 
measured. I f this pulse i s sufficient to operate either discriminator 
an output pulse i s produced triggering a univibrator. This generates 
a, negative anticoincidence pulse which serves to cut off a valve 
through which a further delayed pulse from the Rossi would normally 
pass. I f the pulse i s insufficient to operate the discriminator 
the delayed Rossi output pulse passes through this anticoincidence 
valve, i s inverted and i s fed to the flash tube high voltage pulse 
generator via a cathode follower. 
In the main c i r c u i t diagram Figure 6.2.3. Vg and form the 
amplifier and the phase s p l i t t e r . a n d generate 
the 4 Ms pulse which gates the discriminators, and V^ . The ustial 
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cathode decoupling condensers are omitted from these valves so that 
they always present a high input impedance to the limited range of 
output pulses from the amplifier. i s the univibrator which 
controls the anitcoincidence valve Vg. The period of th i s 
univibrator i s designed to be shorter than that of the univibrator 
i n the 4 ^ eec. pulse generator so that there i s no confusion i f the 
pulses arrive within a short time of each other. and V^Q form 
the inverter and output cathode follower respectively. 
The ci r c u i t was tested by the author and shown to discriminate 
between pulses from adjacent categories. A short period test 
using attenuated input pulses showed discrimination to within. 1/5 
category. 
The instrument has since between operated by a colleague 
Mr, F»F. Taylor i n the measurements on the cosmic ray spectrum referred 
to i n the next section. 
Performance of the Spectrograph When Operated With the Momentum Selector 
The spectrum of fast^wmesons has been determined by the author's 
colleagues and the main result i s given here for the sake of 
completeness. The di f f e r e n t i a l spectrum i s shown i n figure 6.3«1. 
The 5-fold counter measurements refer to the results i n which the 
momentum analyser was used to determine the particle momenta. At 
higher momenta the flash tubes were used to give the necessary higher 
spatial resolution,For points marked "5-fold" a l l 5-fold coincidences 
operated the flash tubes. "Selector" refers to the use of the momentum 
selector; analysis i n this range was by measurements of the track 
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positions on the photographs the accuracy being^1 mm at each level. 
For the "Selector - Simulator" points measurements of the highest 
accuracy were made. 
An approximate analysis has been made to determine the form of 
the TC- mesons production spectAun which gives rise .to a predicted 
sea levelyt-meson spectrum which f i t s the observed spectrum. I t i s 
found that the Vt -meson production spectrum can be written i n the 
form 
W (p) dp = Kp dp 
where tie roughly constant over the momentum range 1 - 1000 GeV/ 
c 
and equal to 2.6. 
The fact that there i s no inconsistency apparent i n the overlap 
regions of momentum where differing techniques give concordant results 
i s of considerable relevance to the present study of the technical 
aspects of the instrument., 
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CHAPTER 7 
THE IONISATION LOSS PROCESS 
7.1 General Features 
Charged p a r t i c l e s traversing matter lose energy i n a v a r i e t y 
of ways, one of the most important, the so-called i o n i s a t i o n l o s s 
process, i s the subject of the present study. This energy l o s s 
a r i s e s from c o l l i s i o n s between the incident p a r t i c l e and atomic 
electrons. The most probable value of t h i s energy l o s s for a 
p a r t i c l e traversing a section of a given medium i s independant 
of the mass of the p a r t i c l e and i s a function only of i t s charge 
and ve l o c i t y . I t i s proportional to the square of the charge 
and varie s with v e l o c i t y v and energy (expressed i n terms of the 
r e s t mass) i n the manner shown i n Figure 7.1.1. From t h i s figure 
i t can be seen that i n i t i a l l y the energy l o s s decreases with 
increasing v e l o c i t y as v , reaching a minimum at about 
v = O.96C, and thereafter r i s e s logarithmically with energy 
reaching a steady value at an energy (and v e l o c i t y ) dependent on 
the nature of the medium traversed. 
The i n i t i a l l / v dependence r e s u l t s from the decrease i n 
c o l l i s i o n time with increase i n v e l o c i t y , tending to a l i m i t i n g 
value as v — ^ c and can be explained on simple c l a s s i c a l grounds. 
The logarithmic r i s e a f t e r the minimum position, on the other 
hand, i s a r e l a t i v i s t i c e f f e c t , and i s due to the Lorentz 
elongation of the e l e c t r i c f i e l d of the incident p a r t i c l e i n the 
direction a t r i g h t angles to i t s path. This extends the region 
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of influence of the p a r t i c l e and increases the number of i n e l a s t i c 
c o l l i s i o n s . The increase with v e l o c i t y does not continue 
i n d e f i n i t e l y however, as the polarisation induced i n the medium by 
the f i e l d reduces the f i e l d a t large distances from the p a r t i c l e 
t r a j e c t o r y and screens electrons which would otherwise be affected. 
This saturation e f f e c t i s known variously as the Polarisation or 
Density E f f e c t . 
7-2• S p e c i f i c Features of the Process 
The t o t a l energy l o s s , by c o l l i s i o n , of a p a r t i c l e traversing 
a given thickness of a medium i s governed by random processes 
and therefore does not lead to a unique value for the energy l o s s ; 
thus i n order to interpret the mechanism quantitatively a mean 
value has to be chosen. Two mean values are i n common usage. The 
f i r s t i s the average value of the energy d i s t r i b u t i o n , defined by 
l o s s E - * E + dE, and secondly there i s the mode, or most probably 
value, of the energy d i s t r i b u t i o n . 
The most important difference between them i s that the average 
value depends on both high and low energy c o l l i s i o n s and i s much 
affected by the r e l a t i v e l y few high energy ones, which, because 
of the small impact parameters involved, depend on the nature of 
the p a r t i c l e s involved i n the c o l l i s i o n , i . e . on t h e i r masses and 
spins e t c . The most probable value on the contrary i s determined 
mainly by the more frequent low energy c o l l i s i o n s , and the nature 
of the p a r t i c l e (other than the charge) i s not important. The 
two mean values can therefore be expected to d i f f e r i n t h e i r 
E = j f ( E ) EdE where f(E)dE i s the probability of an energy 
« 
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v a r i a t i o n with v e l o c i t y and on t h e i r dependance on the p a r t i c l e s 
involved* I t must be pointed out, however, that the average 
value measured i n some experiments i s not the average of a l l the r e s u l t s 
but i s an average value based only on those r e s u l t s i n which the 
p a r t i c l e does not lose more than a c e r t a i n amount of energy i n a single 
c o l l i s i o n . The extent of the difference between the behaviour of 
the two means w i l l therefore be determined by the choice of the upper 
l i m i t imposed on the energy l o s s i n a single c o l l i s i o n and i t i s c l e a r 
from t h i s that measurements of the average energy l o s s defined i n t h i s 
way are confined to experiments i n which the Individual c o l l i s i o n s 
can be examined. 
The Average Energy Loss 
A theory of the c o l l i s i o n l o s s process was worked out by Hohr as 
early as 1915 by using purely c l a s s i c a l methods* Bohr obtained for the 
average rate of energy l o s s for a p a r t i c l e , charge ze and v e l o c i t y V 
traversing an absorber the expression: 
Where n i s the number of electrons/gm, m i s the mass of an electron 
the thickness i s measured i n gm/cm and b and b . are the l i m i t s 
° ' max. min. 
of the impact parameter that r e s u l t s i n an i n e l a s t i c c o l l i s i o n . 
corresponds to the maximum energy t r a n s f e r , and can be determined from 
the amount of energy l o s t i n a "head oh" c o l l i s i o n . b „ „ can be 
max. 
found from the f a c t that i f the c o l l i s i o n t i m e . ^ J i . i s greater- than the 
v 
period of o s c i l l a t i o n of the atomic electron no energy i s transferred 
(When Bohr's o r i g i n a l paper 
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appeared t h i s referred to o s c i l l a t i o n about an equilibrium position 
not to revolution about an atomic nucleus). 
At a l a t e r date quantum mechanics was introduced into the 
theory to the extent of modifying one of the l i m i t s . b m ^ n was 
then determined by the fact that impact parameters smaller than the 
dimensions of the wave packets representing the electron and 
incident p a r t i c l e s have no meaning. 
This method of introducing quantum mechanical considerations 
was not very satisfactory and i n any case the theory did not give 
the correct frequency d i s t r i b u t i o n of energy t r a n s f e r s . A more 
d i r e c t approach to the problem was made by Bethe (1932, 1933). He 
considered the case of energy l o s s r e s u l t i n g from distant c o l l i s i o n s 
where i t i s necessary to consider the s h e l l structure of the atom, 
Using Born's approximation for the atom he obtained for a singly 
charged p a r t i c l e 
i s the maximum energy tran s f e r for which t h i s model i s 
appropriate r ^ ~ 1 0 * - 10 ev.I (&) i s the minimum energy transfer 
leading to excitation or i o n i s a t i o n . Empirically i t i s found 
that I (Z) = I H Z where I H = 13.5 ev (Bloch 1933). (Rather 
higher values have been taken i n very recent work, e.g. 
I R = U.6 eV (argon) & I R = 24.7 eV (helium) r e f . Kepler et a l (1958) 
The t o t a l energy l o s s i s the sum of t h i s energy l o s s and that due 
to close c o l l i s i o n s . I n a close c o l l i s i o n the electrons can be 
considered to be f r e e . The lower energy l i m i t i n any c o l l i s i o n 
66. 
f o r which t h i s iB a reasonable assumption i s of the same order as 
E'S le,eV e' 
where i s the energy l o s s i n a given energy t r a n s f e r and 
i c o A ^ / ^ - ' ) ^ ' * S t h e P 1" 0 0 5 0 5-^^ P e r u n i t P a - f c n length ^cjtv> 
of absorber that a p a r t i c l e of energy E w i l l lose an amount of energy 
ET—» E + A E i n a c o l l i s i o n . Theoretical expressions for 
$ cjCE /E^)<AE / for various p a r t i c l e s are l i s t e d by Rossi (1952)• 
For single charged p a r t i c l e s heavier than electrons: 
Then: 
The t o t a l energy l o s s from both close and distant c o l l i s i o n s 
then becomes: 
where EL max. i s given from dynamical considerations by 
n\AX> — -i " •* \ 
where E 0 i s the t o t a l energy of the incident p a r t i c l e andyU. i s i t s 
r e s t mass. 
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I f yuv»m and i n addition ]Eo 
•4 The Primary and Secondary Ionisation 
The above pqnnt.ion describes the va r i a t i o n with v e l o c i t y of 
the t o t a l average energy l o s s by c o l l i sion of a charged p a r t i c l e , 
that i s , energy l o s s both by ionisation snfl e x citation processes, 
whereas i n prectice i t i s the io n i s a t i o n alone that i s measured. 
This ionisation i s made up of the primary ionisation produced 
d i r e c t l y by the incident p a r t i c l e and the secondary ionisation 
produced by the more encrgeto.c products of the primary ion:? s»ti orv» 
The primary s p e c i f i c i o n i s a t i o n , defined a3 the average number of 
ionising c o l l i s i o n s per cm. at N.T.P., i s given according to 
Bethe (1933) by 
per c.c. of gas and a and b are constant for the given gas* a 
and b have been calculated for atomic hydrogen, but for other gases 
have only been determined by adjusting t h e i r values to f i t 
experimental r e s u l t s . 
$here f© - i s the c l a s s i c a l radius, f \ c the number of atoms 
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The secondary s p e c i f i c i o n i sation has u n t i l f a i r l y recently 
not been s i m i l a r l y evaluated as i t i s a complex problem involving 
many factors. Experimentally i t i s found to contribute about 
the same amount of ion i s a t i o n to the t o t a l as the primary ionisation. 
Because of thiB uncertainty, therefore, i t was not possible to obtain 
an expression for the t o t a l s p e c i f i c i o n i s a t i o n , which i s the quantity 
that i s most e a s i l y measured, but experiments have shown that there 
i s a relationship between the t o t a l s p e c i f i c i o n i s a t i o n and the 
t o t a l energy l o s t by c o l l i s i o n over the same path. This relationship 
i s that the average energy required to form an ion pai r i n a given 
gas i s to a good approximation a function only of the gas and i s 
independent of the v e l o c i t y or nature of the incident p a r t i c l e , so 
that the t o t a l energy lo s s by c o l l i s i o n can be measured simply by 
measuring the amount of ionisation formed* 
Tho degree of accuracy with which the relationship holds v a r i e s 
from gas to gas* Argon i s p a r t i c u l a r l y good i n t h i s respect. Most 
of the gases commonly used i n ion i s a t i o n experiments have been 
investigated and a review of much of t h i s work has been given by 
Valentine and Curran (1958). Measurements of the amount of energy 
required to form an ion pai r have been performed with electrons up 
to a few MeV and with protons up to 340 MeV. I n the former case 
the range was f a i r l y extensively covered, but i n the case of the 
protons the high energy measurements were made a t energies of 
7.65 MeV (Gray, 1944) and a t 340 MeV (Bakker and Segre, 1951). 
From the measurements that have been made i t i s believed that for 
f a s t p a r t i c l e s the average energy per ion pa i r i s constant to within 
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a few percent. 
Later work by Budini and Taffara (1956) has resulted i n a 
sounder t h e o r e t i c a l expression for the primary s p e c i f i c ionisation. 
This theory takes into account the detailed nature of the effect 
of c o l l i s i o n s a t large inpact parameters, considering the effect 
of energy l o s s by Gerenkov radiation and i t s possible re-absorption 
close to the p a r t i c l e t r a j e c t o r y . This i t does by considering a 
multi-frequency model of the gas traversed. The theory predicts 
the r e l a t i v i s t i c logarithmic r i s e and the saturation effect a t higher 
p a r t i c l e momenta. I t allows the c a l c u l a t i o n of the primary s p e c i f i c 
i o n i s ation for a given gas provided that the relevant energy 
transfers, o s c i l l a t o r strengths etc., are known. 
More recently Budini et a l (1960) have extended t h e i r previous 
work to cover secondary and t e r t i a r y s p e c i f i c i o n i s a t i o n . They 
have shown that the behaviour of the primary ion i s a t i o n , the t o t a l 
ionisation and the t o t a l energy l o s s are different i n the r e l a t i v i s t i c 
region. For instance, the value of the maximum energy transfer i n 
a single c o l l i s i o n that i s appropriate to a given experiment determines 
both the t o t a l i o n i s a t i o n and the t o t a l energy l e s s to a great extent, 
whereas the primary i o n i s a t i o n i s l i t t l e affected by the choice. 
Also, the f a c t that the secondary and further generations of i o n i s a t i o n 
are i n general produced by n o n - r e l a t i v i s t i c electrons means that the 
r e l a t i v i s t i c increase of the primary i o n i s a t i o n w i l l be greater 
than that of the t o t a l ionisation. 
Their expressions for the mean primary, secondary and t e r t i a r y 
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s p e c i f i c i o n i s a t i o n are rather laborious to apply to a c t u a l gases, 
and so f a r only hydrogen and helium have been considered. The 
agreement between t h e i r theory and act u a l r e s u l t s i s considered 
i n the next chapter. 
Fluctuations 
As a r e s u l t of the s t a t i s t i c a l nature of the c o l l i s i o n 
processes there are considerable fluctuations i n the values of 
the energy l o s s obtained when p a r t i c l e s of equal v e l o c i t y pass 
through a t h i n absorber. This spread i n value i s due to both the 
Poisson d i s t r i b u t i o n of the number of c o l l i s i o n s and to the 
vari a t i o n i n energy l o s s that can occur i n any given c o l l i s i o n . 
Landau (1944) calculated the expected frequency d i s t r i b u t i o n 
of energy l o s s for such a case. The r e s u l t that he obtained i s 
shown graphically i n Figure 735ol» There i t i s plotted i n the 
form of a universal relationship i n terms of A Q» the most probable 
energy l o s s , and ^ defined by: 
A 0 = <|[m m£l • i - P 2 ] eV 
g 2 (1 - p 2 ) 
and % = p a x = Lftoc 10 5 * * 2 eV. 
mv2 A p2 ' A 
^ in cn\) 
The curve of the frequency d i s t r i b u t i o n i s seen to be roughly 
Gaussian i n shape with a long t a i l on the high energy side. The 
peak at low energies i s due to the many c o l l i s i o n s with large 
impact parameters. 
^ <?•/ 
\ 
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Experimentally i t has been found that the width of the di s t r i b u t i o n 
defined as the width a t hal f height, i s wider than that predicted 
by Landau's theory even after correction has been applied for the 
uncertainty introduced by the measurements. For example, i n 
measurements with a proportional counter a monoenergetic source of 
ionisation would give an approximately Gaussian d i s t r i b u t i o n of 
width ^ 8%. Two reasons have been advanced to account for t h i s 
discrepancy. Fano (1953) and Hines (1955) have cast doubt on 
Landau's theory, pointing out that some of the approximations that 
he adopted were not s t r i c t l y j u s t i f i a b l e . On the other hand, Price 
(1955) has shown that Landau's theory should not be applied to many 
pf the experiments performed with proportional counters, as these 
are much thinner absorbers than those envisaged by Landau i n h i s 
treatment. I n f a c t , for a gas, the product of the pressure i n 
atmospheres and the depth i n cm should be much greater than two for 
Landau's treatment to be applicable. Experiments by Bradley (1955) 
suggest that the product should be as high as <^-» 70. 
The exact shape of the high energy t a i l of the d i s t r i b u t i o n 
i s d i f f i c u l t to determine experimentally. There i s often an 
instrumental cut off a t high l e v e l s of ionisation which eliminates 
some of the higher energy events. I n the case of the proportional 
counter t h i s can a r i s e because of non l i n e a r i t y or even saturation 
of the counter or i t s associated amplifier. I n addition t h i s type 
of measurement would also be affected by rare events such as electrons 
knocked on from the walls of the counter or the undetected simultaneous 
passage of two p a r t i c l e s through the counter. There i s l i t t l e 
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prospect therefore of making measurements of the average value of 
the d i s t r i b u t i o n , affected as i t i s by the few higher energy events 
i n the t a i l , and only the most probable value can be determined. 
I n cloud chamber measurements t h i s d i f f i c u l t y can be avoided 
by measuring a r e s t r i c t e d average value as mentioned above. E_ 
i s then determined by the condition of the experiment and i s not 
the maximum possible energy tran s f e r i n a single c o l l i s i o n . 
The average value defined i n t h i s way i s a much easier quantity 
to determine than the most probable value, as the l a t t e r involves 
f i t t i n g a best curve to the r e s u l t s . I n t h i s respect therefore 
the cloud chamber possesses an undoubted advantage over the 
proportional counter. 
7.6. The Density E f f e c t 
The e f f e c t due to the polarisation of the medium tends to 
n u l l i f y the increasing l a t e r a l extension of the incident p a r t i c l e ' s 
e l e c t r i c f i e l d as i t s v e l o c i t y approaches that of l i g h t . The 
existence of t h i s e f f e c t was suggested by Swan i n 1938, but i t was 
l e f t to Fermi (1939, 194-0) to make the f i r s t estimate of the 
magnitude. To do t h i s he divided the medium surrounding the 
t r a j e c t o r y fsnto two regions. Energy l o s s i n the inner region was 
treated by using the Bethe-Bloch equation, and energy los s e s i n 
the outer region by assuming t h i s to be governed by purely c l a s s i c a l 
electromagnetic inte r a c t i o n s . The medium i n t h i s outer region 
was considered to act as homogeneous d i e l e c t r i c , composed of 
l i n e a r o s c i l l a t o r s of one single frequency and the Poynting f l u x 
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across the boundary between the two regions was equated to the 
energy loss- i n the outer region. On comparing t h i s r e s u l t with 
that obtained when the Bethe-Bloch equation was applied to the 
whole medium Fermi obtained the following corrections. 
Where €: i s the d i e l e c t r i c constant. 
I f the correction for the case of v-*c i s applied to the expression 
for the most probable value of the ionisation l o s s given by Landau 
i t i s seen to lead to a constant value of the io n i s a t i o n loss at 
these v e l o c i t i e s . This i s to be expected since the most probable 
value i s determined almost e n t i r e l y by the large impact parameter 
c o l l i s i o n s which are effected by the Density E f f e c t . I f , however, 
the correction i s applied to the average value given by the Bethe-
Bloch equation no such saturation i s indicated since the increase 
with velocity of the average value of the ionisation l o s s i n the 
r e l a t i v i s t i c region depends both on the l a t e r a l extension of the 
f i e l d and on the reduction i n the s i z e of the smallest impact 
parameter i n an i n e l a s t i c c o l l i s i o n . The correction w i l l therefore 
not lead to a constant value, but merely a change i n the rate of 
Halpern and H a l l (1940, 1948) and Wick (1941, 1943) have extended 
I-/3 
increase. 
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Fermi's theory taking into account the s h e l l structure of the atoms 
using a multi-frequency dispersion model. Halpern and Hall's theory 
agrees with that of Fermi at very high and very low energies, but 
d i f f e r s i n the intermediate region. 
The expression for the energy l o s s predicted for the outer 
region of Fermi's theory does not drop to zero as the dimensions 
of the inner region tend to i n f i n i t y , but instead approaches a 
constant value. Fermi attributed t h i s to energy emitted i n the 
form of Cerenkov radiation, which i s a form of electromagnetic 
disturbance emitted by a charged p a r t i c l e when i t s v e l o c i t y through 
a medium exceeds that of the v e l o c i t y of electromagnetic propagation 
i n the same medium. I t was pointed out l a t e r by Bohr (1948) and 
Messel and Ritson (1950) that the magnitude of t h i s energy l o s s 
alone was equal to the entire increase i n energy l o s s beyond the 
minimuio value, and that i f Fermi's model was correct i t was 
d i f f i c u l t to see how the Cerenkov radiation could be trapped i n the 
immediate neightbourhood of the p a r t i c l e t r a j e c t o r y and thereby 
produce the increase i n ionisation l o s s that had been found 
experimentally. This c r i t i c i s m was equally true for Halpern and 
Hall's theory. 
Later work by Huybreehts and Schonberg (1953)» Fowler and Jones 
(1953) and Budini (1953) has shown that the amount of energy going 
into Cerenkov radiation i s much smaller than that predicted by 
Fermi's theory. Budini has shown that the determining factor 
which also controls the form of the onset of the plateau region i s 
the r a t i o of the breadth of the spectroscopic l i n e s to the density 
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of the medium. 
Sternheimer (1952, 1953) has further developed the multi-
frequency model and i n a series of papers (1952, 1953, 1954, 1956) 
has applied his theory to a variety of different media. At present 
general agreement exists with regard to the overall features of the 
ionisation loss process, but there i s disagreement on the exact 
form of the changeover from the log rise to plateau region. 
The object of recent experiments rm ionisation loss haG been 
to investigate the nature of this transition region and to attempt 
to decide which of the various theories gives the best f i t to the 
experimental data. The degree of agreement that exists between 
theory and experiment i s illu s t r a t e d by some results of Ghosh et a l 
(1954) shown i n Fig. 7.6.1. These are compared with the theoretical 
predictions of Budini (1953), Sternhoiaier (1953) and Huybrechts and 
Schonberg (1952). From this i t can be seen that i t i s not possible 
to decide which theory represents the results better. This i s so 
partly because of the low s t a t i s t i c a l accuracy of the results i n the 
important transition region and partly because of the low upper 
momentum l i m i t of the experiment. Work by other groups w i l l be 
discussed i n the next chapter, but the overall conclusions remain 
unchanged. 
The majority of the theoretical work has been concerned with 
formulating expressions for the average energy loss. This, of 
course, can only be measured i n a cloud chamber so that some of the 
theories, for example those of Budini and Huybrechts and Schonberg 
can, s t r i c t l y speaking, only be compared with measurements made i n 
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thi s way. Only Sternheimer's work i s really applicable to 
measurements of the most probable energy loss, although for example 
Budini's theory w i l l be approximately correct i f a suitable value 
is chosen for the maximum energy transfer i n a single collision. 
Since i f this i s about 1 Kev the average value w i l l d i f f e r l i t t l e 
from the most probable value i n i t s variation with velocity. 
Sternheimer's theory applied to the most probable value of the 
ionisation loss consists i n essence of Landau's expression for 
the most probable energy loss together with a density effect 
correction based on a multi-frequency model. The v a l i d i t y of 
Landau's theory as applied to proportional counters has already 
been questioned, so that comparison of theory and data from 
proportional counter measurements i s not very satisfactory. With 
this i n mind the present study of the most probable value of the 
ionisation loss i n neon was formulated, not only i n order to obtain 
a s t a t i s t i c a l l y more accurate description of the transition and 
plateau regions, but also i n the hope that s t a t i s t i c a l l y significant 
differences between theory and experiments might be found which 
would prompt and j u s t i f y further theoretical investigations. 
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CHAPTER 8 
PREVIOUS EXPERIMENTS ON IONISATION LOSS OF FAST yu-MESCMS 
8.1. Introduction 
A variety of techniques have been used to study the ionisation 
loss of fastyw. -mesons, but only two, drop counting i n a cloud 
chamber and the proportional counter method, have proved really 
suitable for extensive and accurate measurements on the ionisation 
loss i n gases. 
8.2. The Cloud Chamber 
In Cosmic Ray work the cloud chambers are usually counter 
controlled. The time sequence of events following the detection of 
a particle depends on the type of measurement to be performed. I f 
the primary specific ionisation i s to be measured, the cloud chamber 
i s expanded immediately the particle has been detected. The ions 
then have l i t t l e time to diffuse away from their points of origin 
and the droplets formed on the primary ions and their secondaries 
are so close together that they are either not resolved or they 
form a single blob. I f instead the most probable value of the 
ionisation loss or the average value i s to be measured then the 
ions are given time to separate before the expansion takes place. 
In a typical chamber measuring the l a t t e r the time sequence would be:-
Time 0 Particle detected and expansion started. 
+ 20 msec. Supersaturation achieved. 
+ 250 msec. Chamber illuminated and trade photographed. 
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The chamber i s then given a series of slow p a r t i a l expansions 
to remove the droplets. The period of waiting time before i t i s 
ready for use again i s ^ 10 min. 
Two examples of the use of the Cloud Chamber technique are 
afforded by the work of Kepler et a l (1958) and the work of Ghosh 
et a l (1952). Kepler investigated the ionisation loss process 
using one cloud chamber operated i n a magnetic f i e l d , so that 
momentum and ionisation measurements could be performed simultaneously. 
The maximum detectable momentum therefore varied with the gas 
under investigation and the method suffered from the disadvantage 
that the condition for maximum drop resolution did not coincide 
with that giving maximum location accuracy. Although by the use 
of improved techniques and helium and helium mixtures the conflicting 
requirements could be more nearly reconciled than heretofore. 
Kepler's results on the ionisation loss ofy&=Eosons covered the 
range of p% = 3 to pi = 80 (i e : p from «^300 MeV/c to 8 GeV/c) 
and i n order to extend these measurements to higher values ot^Jf a 
further series of measurements were made on electrons also from 
cosmic rays. In this way results were obtained up to yi^f = 1000. 
The values obtained for helium and helium + argon by Kepler 
et a l are shown i n Figs. 8.2.1. and 8.2.2. together with the predicted 
curves based on the theoretical work of Sternheimer and Budini. 
In the case of helium, agreement between theory and experiment i s 
very good, but as the differences between the curves based on the 
alternative models are comparable with the errors involved i n the 
measurements i t i s not possible to distinguish between them. 
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Agreement i n the case of the helium + argon mixture i s 
reasonable. The individual points are not significantly different 
from the predicted curve (Sternheimer's), but taken as a whole they 
yield a best f i t curve that l i e s below the predicted one. This 
i s even more evident i n the heavier gases such as xenon (See Fig. 8.2.3.) 
Kepler et a l have suggested that these differences may be 
accounted for by an over simplification i n the calculation of the 
maximum energy transfer involved i n a single collision. Alternatively 
the screening of the inner electron shells i n the case of the 
heavier gases may be important i n the r e l a t i v i s t i c region where the 
impact parameters leading to ionisation are so much larger than at 
minimum ionisation. />s this and other effects may operate much 
theoretical work needs to be done i n order to disentangle the possible 
causes. 
Returning to the work of Ghosh et a l (1952), these workers 
measured the ionisation loss of -mesons i n oxygen using a cloud 
chamber placed i n the beam of the Ifanchester Spectrograph. In this 
way they were able to extend their measurements up to a momentum of 
establish the general form of the onset and shape of the plateau, 
but as pointed out previously, the accuracy of their points i n this 
region was too low to distinguish betvjeen the models of the ionisation 
loss process proposed by Budini, Huybrechts and Schonberg and 
Sternheimer (See Figure 7.6.1.) Technically their method i s 
potentially superior to that employed by Kepler et a l , since the 
cloud chamber i s used solely for ionisation measurements and the 
30 GeV/c, corresponding to /&Q 300, and were able to 
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counter spectrograph i s i n any case a more efficient instrument 
for measuring momentum for reasons that have been discussed before. 
Providing the time and effort were available there seems no reason 
why this method should not enable a decision on the correct model 
to be reached. 
In connection with Kepler's work on electrons i t i s interesting 
to note that Barber (1956) has used the intense sources of electrons 
from an accelerator to investigate the ionisation loss. I n this 
way he was able to use an ionisation chamber to perform his 
measurement. The gases investigated were hydrogen and helium at 
both 1 and 10 atmospheres and hie electrons had energies varying 
from 2 to 35 MeV (y&ft from A to 70). His results agreed with 
Sbernheimer's predictions to within the experimental error involved. 
This was ~ 156. 
The results of Barber's work have also been applied to test 
the calculations of Budini et a l (1960). They found good agreement 
between the experimental results for the t o t a l specific ionisation 
and their theoretical prediction i n the case of helium and slightly 
less good agreement i n the case of hydrogen. The experimental 
valines i n the l a t t e r case are 5 - 8 % greater than the theoretical 
ones. This lack of agreement may be the result of the greater 
uncertainty i n the theoretical data applicable to molecular 
hydrogen as opposed to the atomic helium. 
Proportional Counter Measurements 
The principle of operation of the proportional counter i s 
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discussed i n some detail i n the next chapter. Essentially i t 
consists of a vessel f i l l e d with gas and containing two electrodes* 
The cathode takes the form of a cylindrical or rectangular box 
and the anode i s a fine wire stretched down the centre. Ion 
pairs formed i n the gas are accelerated i n the electric f i e l d 
between the electrodes and i n the neighbourhood of the wire the 
electrons gain sufficient energy between collisions with the 
molecules of the gas to produce further ionisation. Under certain 
conditions the resultant overall charge multiplication factor i s 
independent of the i n i t i a l ionisation and the instrument i s then 
known as a proportional counter. By exploiting this linear gas 
multiplication i t becomes possible to measure amounts of ionisation 
that would otherwise pass undetected. The amount of ionisation 
produced by a r e l a t i v i s t i c / * -meson ( ~ 2 MeV/gm cm" ) f a l l s into 
t h i s category. 
As i n the cloud chamber experiments the momentum of the ionising 
particle i s measured by the same techniques as used i n spectrum . 
measurements* The proportional counter or counters are placed 
i n the beam of the spectrograph together with a set of geiger 
counters* which act either as a simple telescope, or as guard 
counters, and ensure that the particle whose ionisation i s measured 
actually passes through the uniformly sensitive region of the 
proportional counter. 
Several workers have used thi s technique, e.g. Becker et a l 
(1952) who measured the momentum with a cloud chamber i n a magnetic 
f i e l d , Parry et a l (1953) who used the Sydney Spectrograph, but 
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the group that have made the most extensive measurements on the one 
gas, neon, are the Manchester,group, Eyeions et al (1955). Using 
the Manchester spectrograph i n i t s modified form to determine the 
particle momenta they were able to make ionisation measurements on 
yU-mesons with momenta up to ~100 GeV/C, i.e. yS^f = 1000. 
Four proportional counters were used stacked one upon another, so 
that four ionisation measurements could be made on each particle. 
Each of the counters was 25 cm. long, 9 cm. wide and 7.0 cm. deep and 
was f i l l e d with a mixture of noon and methane at p a r t i a l pressures of 
40 cm Hg and 4»4 cm Hg respectively at a temperature of 15°C. 
The relationship between output pulse height and the amount 
of i n i t i a l ionisation produced i n the counter was obtained by 
calibrating with the x-rays from Cr 51 and the li n e a r i t y of response 
checked by using a series of such sources. Their results were 
based on some 5000 particles and covered a range from *>- 1 GeV/c to 
^•100 GoV/c, These results were s p l i t up into momentum bands 
balancing increasing s t a t i s t i c a l accuracy against the increasing 
uncertainty i n the momentum to be ascribed to a given band as 
the number of the bands was decreased and the,width increased. 
The most probable value of the ionisation loss for each group 
was then calculated, using the method of linear unbiased estimators 
of minimum variance devised for this problem by Hammersley and 
Morton (1955). 
Their results are shown i n Fig. 8.3.1. together with a 
theoretical curve based on Sternheimer1s theory (1952, 53). 
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The results suggest that the variation i n ionisation with 
momentum f a l l s o f f more rapidly than that predicted by theory, 
although the s t a t i s t i c a l accuracy i s such that these results cannot 
be considered conculsive evidence for such an effect. 
Greater s t a t i s t i c a l accuracy i s required and possible an 
extension of the results to higher momentum regions, but whether 
the l a t t e r i s a profitable policy taking into account the shape 
of the incident cosmic ray spectrum at these energies w i l l depend 
largely on the size of the spectrograph. In any case the region 
already covered must be investigated again and to much greater 
s t a t i s t i c a l accuracy, and to do this a spectrograph with a greater 
collecting area than the Manchester one w i l l be required, so as 
to accomplish the task i n a reasonable time. I t i s expected 
that the Durham Spectrograph w i l l enable this to be done. 
8.4« Advantages and Disadvantages of the two methods 
I t i s easiest i f the various points are summarised. 
1. Cloud Chambers 
(a) Advantages: Long track length enables a series of 
measurements to be performed on the one track giving 
good s t a t i s t i c a l accuracy for one particle measurement. 
Rare high energy events can be excluded without losing more than 
a small fraction of the track length. I t can be used 
to investigate gases with a high electron attachment 
coefficient. I t i s completely insensitive to a l l normal 
forms of electrical noise. Can distinguish between two 
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simultaneous events. 
(b) Disadvantages: Bulky not easily adaptable. Slow, requires 
a long time to recycle. D i f f i c u l t to maintain constant 
condensation efficiency, both with respect to time and 
position i n chamber. Track measurements very tedious. 
Proportional Counters 
(a) Advantages: Capable of dealing with high particle rates* 
Operation can be made very stable. Easily calibrated. 
Easily adaptable. Easy to make measurements. 
(b) Disadvantages: Very sensitive to electrical interference 
and so careful screening required. D i f f i c u l t to 
construct counter of dimensions comparable with those of 
cloud chamber. Cannot distinguish between two simultaneous 
events. Only one ionisation measurement per particle. 
Only the most probable energy loss can be measured. Cannot 
use gases with high electron attachment coefficients. 
Conclusions 
I t was decided to use the proportional counter technique to 
carry out the ionisation loss measurements. This decision was 
based on the following requirements and facts* 
1* At low momenta the particle rate through the spectrograph 
i s ~ 2/min. and too high for a cloud chamber* 
2. Time and resources for construction, operation and data 
analysis were limited. 
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On a l l these counts the proportional counter was the 
obvious choice. I t s mode of operation and the factors 
affecting the accuracy of the ionisation measurements w i l l 
be considered i n some detail i n the next chapter. 
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CHAPTER 9 
THE PROPORTIONAL COUNTER 
The Mechanism of the Proportional Counter 
9.1.1. The Basic Processes: The ionisation chamber. 
The degree of ionisation of a gas can be determined by applying 
an electric f i e l d between two electrodes immersed i n the gas and 
measuring the charge collected. At low fields the separation and 
collection of the ions i s considerably hampered by the reverse 
process of recombination and the opposing forces due to diffusion, 
but as the f i e l d strength i s increased more and more of the ions 
are collected u n t i l eventually "saturation" sets i n and a l l the 
ions reach the electrodes. An instrument operating under these 
conditions i s known as an ionisation chamber. 
The method of measuring the collected charge depends on whether 
the gas i s subject to continuous ionisation, for example from a 
nearby radiation source, or whether the ionisation i s produced 
"instantaneously" by the passage of a charged particle through 
the gas. I n the former case the continuous current passing 
between the electrodes may be measured either directly with a 
galvanometer system or indirectly by allowing the charge to collect 
for a given period and then measuring the resultant voltage change. 
The ionisation produced by a single particle i s more d i f f i c u l t 
to measure, for two reasons. In the f i r s t place the response time 
of the ionisation chamber and i t s associated measuring apparatus 
li m i t s the maximum rate at which particles can traverse the instrument 
and s t i l l be recorded separately, and secondly, i f the effects 
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of individual p a r t i c l e s are to be studied then methods which depend 
on the integrated effects of many p a r t i c l e s cannot be used to r a i s e 
the signal l e v e l . 
The response time of an io n i s a t i o n chamber i s limited by the 
t r a n s i t time of the positive and negative ions from t h e i r point 
of ori g i n to the appropriate electrodes. I n an ordinary a i r f i l l e d 
chamber t h i s w i l l be of the order of milliseconds so that the maximum 
p a r t i c l e rate cannot be higher than a few tens, or possibly a few 
hundreds, per second, but by using c e r t a i n other gases t h i s rate 
can be increased considerably. 
I n some gases e.g. 0^ i t i s found that the mobilities of the 
positive and negative ions are roughly the same while i n other 
e.g. Ng and A, they d i f f e r by a considerable factor. This i s 
because i n the l a t t e r case the negative charge i s c a r r i e d by free 
electrons* I n a l l gases the negative charge c a r r i e r s t a r t s as an 
electron, but i n these gases, such as oxygen, which have a high, 
probability of electron attachment the electron becomes attached 
to a neutral molecule within a very short time, perhaps a f t e r 
only a hundred c o l l i s i o n s . I f , therefore, a gas having a 
negligible probability of electron attachment i s used, and measurements 
are performed only on the ef f e c t s due to the motion of the electrons, 
the maximum permissible p a r t i c l e rate could be increased a 
thousandfold. This can be done quite e a s i l y , as the voltage pulse 
from such an i o n i s a t i o n chamber co n s i s t s of an i n i t i a l rapid r i s e 
due to the motion and col l e c t i o n of the electrons followed by a 
much slower r i s e due to the motion of the positive ions. I f t h i s 
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pulBe i s then di f f e r e n t i a t e d v i t h a time constant long compared 
with the t r a n s i t time of the electrons and short compared with that 
of the positive ions an output pulse i s obtained whose height i s 
proportional to the electron component. 
Under these conditions the output pulse i s a l s o a function of 
the i n i t i a l d i s t r i b u t i o n of the i o n i s a t i o n . The ef f e c t can be 
reduced by using non planar electrodes or can be eliminated by 
introducing a t h i r d electrode into the system so as to screen the anode 
from the effects of the positive ions* 
The main drawback of the i o n i s a t i o n chamber i s i t s low 
s e n s i t i v i t y * The lower l i m i t of measurement i n a t y p i c a l case 
corresponds to an energy d i s s i p a t i o n of about 60 KeV i n the chamber. 
This means that i n order to measure the ionisation l o s s of a 
relativistic^*-meson i n a gas, the i o n i s a t i o n chamber must either 
he large or the gas f i l l i n g must be under pressure. 
A large chamber i s necessarily associated with a high p a r t i c l e 
rate (of cosmic rays) making electron c o l l e c t i o n e s s e n t i a l , and 
thereby introducing the complications alluded to above. I n addition 
the high p a r t i c l e rate increasesthe d i f f i c u l t y of iden t i f y i n g the 
output pulse that i s associated with a p a r t i c u l a r event. Alternatively 
i f the gas pressure inside the chamber i s increased, the dimensions 
can be reduced for the same stopping power, but t h i s r e s t r i c t s i t s 
usefulness. I n both cases high operating potentials are necessary 
to reach "saturation"• The simple i o n i s a t i o n chamber i s therefore 
not suitable for a detailed investigation of the i o n i s a t i o n l o s s 
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of r e l a t i v i s t ! c p a r t i c l e s under a v a r i e t y of conditions. A l l these 
disadvantages can be overcome, however, by operating a smaller chamber 
with a potential difference between the electrodes greater than that 
necessary for saturation and s u f f i c i e n t for gas multiplication to occur. 
9.1.2. Gas Mul t i p l i c a t i o n 
I n an i o n i s a t i o n chamber the electrons and positive ions do not 
acquire more than a very small f r a c t i o n of the energy expended upon 
them by an e l e c t r i c f i e l d . Most of i t i s l o s t i n c o l l i s i o n s with 
jshe molecules of the gas. Under the conditions apertaining i n an 
i o n i s a t i o n chamber a l l the c o l l i s i o n s are c l a s t i c ones and electrons 
reach a form of equilibrium i n which, on the average, they gain as much 
energy from the f i e l d between successive c o l l i s i o n s as they lose i n the 
c o l l i s i o n s . I f the f i e l d i s increased s u f f i c i e n t l y , however the 
electrons can pain enough energy between c o l l i s i o n s to undergo • 
i n e l a s t i c c o l l i s i o n s and cause i o n i s a t i o n and excitation of the gas 
molecules. The secondary electrons produced w i l l , i n turn, undergo 
further i n e l a s t i c c o l l i s i o n s and the i n i t i a l amount of ionisation 
w i l l be considerably enhanced. I f the degree of t h i s gas m u l t i p l i c a t i o n 
i s independant of the amount of i n i t i a l i o nisation, the device i s 
said to be operating i n the proportional region and i s known as a 
proportional counter. 
The simple p a r a l l e l plate system of electrodes used for the 
i o n i s a t i o n chamber i s not the most suitable arrangement for a 
proportional counter. The s i z e of the output pulse v r i l l be a 
function of the charge d i s t r i b u t i o n , as the degree of gas 
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multiplication w i l l depend on the number of mean free paths 
traversed by any electron from i t s point of ori g i n to the anode and 
also the potential difference necessary to provide the greater 
e l e c t r i c f i e l d may be excessive. Both of these d i f f i c u l t i e s 
are overcome by using a non-plenpr electrode system consisting 
i n i t s simplest form of a hollow cylinder down the centre of which 
i s stretched a wire. VELth t h i s electrode geometry the f i e l d f a l l s 
t h i s i s the anode no gas multiplication takes plpre outride a distance 
of a few wire r a d i i from the centre. This region i s very email 
compered with the whole counter, so that for a l l p r a c t i c a l purposes 
a l l the electrons produced by the passage of an i o n i s i n g p a r t i c l e 
undergo the same degree of multiplication and the induction e f f e c t s 
at the anode caused by the motion of the positive ions w i l l be due 
almost e n t i r e l y to the ions farmed ( i n t,Vn P nnconriRvy y i r i c f i p ? - ) i.ri t.'-ii n 
the sensitive region both by means of the rapid change i n f i e l ^ with 
distance from the centre and by v i r t u e of t h e i r greeter numbers 
compared with that of the i n i t i a l positive ions. This w i l l ensure 
a constant multiplication factor throughout the whole volume and, 
by the choice of a s u f f i c i e n t l y t h i n anode, gains of the order of 
hundreds can be obtained with quite moderate operating potentials. 
The l i m i t to which the gas multiplication can be pushed depends 
on the gas f i l l i n g . I f a gas as pure argon i s used gas gains 
up to the order of a hundred can e a s i l y be obtained, but at gains 
of a few hundred counter operation becomes very d i f f i c u l t and the 
multiplication factor va r i e s rapidly with changes i n applied 
rapidly fe=V_ . j A with distance from the central wire and i f 
S 
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voltage i f indeed the discharge remains stable a t a l l . This i s due 
to the action of photons produced i n the multiplication process. 
As i n t h i s instance the counter contains only a pure gas the photons 
cannot e j e c t photoelectrons from the unexcited gas molecules. 
but they can do so from the material of the cathode where the 
work function i s only a few voltage e.g. 4-«33 v o l t s i n the case of 
copper compared with e r = 11.57 v o l t s for argon. These photoelectrons 
then multiply i n the same manner as before and as the time elapsing 
between emission of a photon and e j e c t i o n of an electron from 
—8 
the cathode i s only i+* 10" second and the t r a n s i t time of the electrons 
i s quite short ( < I^A. sec.) the successive avalanches follow 
each other so rapidly that t h e i r e f f e c t s are additive. This process 
can increase the gain considerably. I f A i s the gain with negligible 
photo-effects and "X the probability of emission of a photoelectron 
por ion p a i r produced i n the avalanche then the o v e r a l l gain from 
both causes becomes A and i f A"3"-> 1 the gain becomes very 
1-A* 
large indeed, A"8> 1 being interpreted as a continuous discharge. 
Further delayed production of electrons may also occur when the 
positive ions s t r i k e the cathode, but i n t h i s case as the t r a n s i t 
time i s of the order of milliseconds the danger i s not that the gain 
w i l l be increased, but that these secondary electrons w i l l be recorded 
as separate genuine events. A similar e f f e c t w i l l a l s o occur i f a 
molecule i n a metastable state returning to the ground state emits a 
photon which e j e c t s a photoelectron from the cathode, the time delay 
i n t h i s case w i l l be of the 
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order of milliseconds* 
9.1«3 Gas Mixtures 
A di f f e r e n t state of a f f a i r s e x i s t s i f a mixture of gases i s 
used, because by v i r t u e of the di f f e r e n t energy l e v e l s existing 
i n the two types of molecule various exchange phenomena can occur 
i n c o l l i s i o n s between the two, and i t i s possible by appropriate 
choice of gases to eliminate many of the disadvantages of the 
single pure gas. 
One of the common mixtures of gases that i s used i s a noble 
gas, e.g. argon or neon, and a smaller amount of an organic gas 
or vapour, e.g. methane or ethyl alcohol. The i o n i s a t i o n potential 
of the methane molecule i s 12.2 v o l t s compared with 15*7 volts for 
argon and i n addition the methane molecule has broad energy bands 
which l i e below those of the excited states i n argon. I n f a c t the 
absorption spectrum of methane i s a continum below 1630^ (7.5 eV). 
This i s due to the a b i l i t y of the methane molecule to convert energy 
i t has absorbed into energy of vibration or rotation of the molecule 
as a whole and because of t h i s three important e f f e c t s r e s u l t . 
1. The photons produced i n the avalanche mult i p l i c a t i o n processes 
are absorbed. 
2. Argon metastables can revert to the ground state by i n e l a s t i c 
c o l l i s i o n s with methane molecules, the excess energy being 
converted into rotational energy. 
3. Positive argon ions c o l l i d i n g with the methane molecules have 
a high probability ( 0.1) of undergoing charge exchange, 
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with the r e s u l t that the ion sheath consists almost e n t i r e l y 
of methane ions when i t reaches the cathode. When the ions 
are neutralised they lose t h e i r excess energy by diss o c i a t i n g , 
so that no further electrons are ejected from the cathode to r e -
s t a r t the process. The argon molecule remaining a f t e r the charge 
exchange may be i n an excited state from which i t reverts by emitting 
a photon, but t h i s too i s absorbed by the methane. 
Using argon and methane and s i m i l a r gas mixtures gas 
multiplication factors of several thousand can be obtained before 
the counter ceases to operate i n the proportional mode. The 
upper l i m i t i s set by space charge e f f e c t . The space charge 
created by one avalanche s i g n i f i c a n t l y reduces the e f f e c t i v e 
f i e l d at the wire and int e r f e r e s with the formation of successive 
avalanches formed by other electrons from the o r i g i n a l group of 
ion p a i r s . Because of t h i s the ef f e c t i v e gain f a l l s as the degree 
of i n i t i a l i o n i s a t i o n increases* I n extreme cases other mechanisms 
become important and the discharge instead of being l o c a l i s e d 
spreads along the wire and the space charge formed i s s u f f i c i e n t 
to "choke of f " the discharge, with the r e s u l t that the same amount 
of charge separation occurs whether the i n i t i a t i n g p a r t i c l e i s a 
r e l a t i v i s t i c electron or an alpha p a r t i c l e a t the end of i t s range. 
Such behaviour i s c h a r a c t e r i s t i c of the Geiger-Muller counter. 
9.1.L Characteristics of the Pulse From a Proportional Counter 
Tha shape of the output pulse from a proportional counter i s 
s i m i l a r i n character to that from an io n i s a t i o n chamber, but the 
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mechanism i s d i f f e r e n t . The secondary electrons from the avalanches 
are produced very close to the wire so that t h e i r contribution to 
the pulse i s quite small and the i n i t i a l rapid r i s e of the pulse 
I s due almost e n t i r e l y to the movement of the positive ions i n 
the intense f i e l d i n the neighbourhood of the wire. This quickly 
f a l l s off and the pulse r i s e f l a t t e n s o f f . The shape of the 
pulse p r o f i l e i s independent of the amount of i n i t i a l i o n i s a t i o n 
and i t i s again possible to obtain a measure of the amount of 
ionisation from the height of the pulse a f t e r d i f f e r e n t i a t i o n . 
Although excessive d i f f e r e n t i a t i o n must again be avoided I f l o s s 
i n pulse height i s not to be excessive. 
9.2. Factors Affecting the Accuracy of Ionisation Measurement 
9.2.1. The Factors 
The degreee of r e l i a b i l i t y of measurements with a proportional 
counter depend on 
a) . The constancy of the gas multiplication f a c t o r . 
I t s independence of time, position, d i s t r i b u t i o n and 
magnitude of i n i t i a l i o n i s a t i o n and the s t a t i s t i c a l 
uncertainty i n i t s actual value. 
b) . The l i n e a r i t y and constancy of the gain of the associated 
am p l i f i e r s . 
c) . The accuracy of amplifier output pulse height measurements. 
d) . The accuracy with which the output pulse height can be 
interpreted i n terms of the i n i t i a l i o n i s a t i o n . 
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Items (b) and (o) are functions of the p a r t i c u l a r amplifying 
equipment used and a discussion of these factors i s postponed 
u n t i l a l a t e r chapter when the amplifying and recording apparatus 
i s considered i n some d e t a i l . 
9.2.2 The Constancy of the Gas M i l t i p l i c a t i o n Factor With Time 
There are four quantities which may vary with time and cause 
changes i n the gas multiplication factor. These are the temperature, 
the gas f i l l i n g , the counter E.H.T., and the e l e c t r i c a l i n s u l a t i o n 
of the counter* 
Variations i n temperature, unless of a large magnitude w i l l 
cause negligible changes i n the a c t u a l physical dimensions of 
the counter. The pressure inside the counter w i l l vary with 
temperature, but the mass of the gas w i l l n e c e s s a r i l y remain 
constant. The k i n e t i c energy of the gas molecules w i l l increase 
with temperature and t h i s w i l l influence the length of the mean 
free path of the electrons between c o l l i s i o n s with neutral 
molecules and thereby a l t e r both the c r i t i c a l radius a t which 
mult i p l i c a t i o n s t a r t s and the number of ionising c o l l i s i o n s per 
u n i t path length. However, t h i s e ffect i s expected to be very 
small f o r the temperature changes envisaged i . e . a few degrees. 
.Another e f f e c t of temperature variations i s to a l t e r the 
concentration of the quenching gas by varying the amount that • 
becomes adsorbed on the walls of the counter* This e f f e c t , 
fortunately, i s not important for a gas such as methane used at 
room temperatures, but i t does become so for counter quenched 
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with ethyl alcohol which are operated at temperatures below 5°C 
The s i z e and nature of the counter walls w i l l also influence the 
magnitude of the effects* 
The gas multiplication factor i s very dependent on the counter 
E.H.T. voltage* I n a t y p i c a l case a change of E.H.T. of a few 
percent produces a change i n gain an order of magnitude greater. 
I t i s e s s e n t i a l therefore to maintain a very stable E.H.T* supply. 
The gas f i l l i n g may change with time due either to a leak 
i n the counter or to the effect of successive discharges i n the 
counter. I f there i s a leak and the pressure inside the counter 
i s greater than atmospheric the r e s u l t i n g decrease i n pressure 
w i l l lower the "stopping" power of the counter and at the same time 
increase the gas multiplication factor. However, for a p a r t i c l e 
that, loses only a frac t i o n of i t s energy i n the counter these two 
opposing ef f e c t s w i l l not cancel out, as the v a r i a t i o n i n the 
former case i s roughly proportional to the pressure while i n the 
l a t t e r i t v a r i e s as a higher inverse power. 
I f , on the other hand, the pressure inside the counter i s l e s s 
than atmospheric, molecules of oxygen and water vapour i n the a i r 
leaking i n w i l l provide very e f f e c t i v e electron traps and even 
small amounts, of the order of ten parts per m i l l i o n , of counter 
gas w i l l a f f e c t the operation of the counter. The electron 
trapping i s not "permanent" as i n the case of a condensed medium, 
but the negative ions formed have such a small v e l o c i t y compared 
with that of the o r i g i n a l electrons (about ich^ of the electron v e l o c i t y ) 
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that they are e f f e c t i v e l y removed from the discharge. 
The frac t i o n of the electrons produced at a distance r Q from 
the anode that survive to reach the c r i t i c a l region (radius r ) i s 
C 
given by: : rc-r« 
« * t > - \ dx . (see for example Sharpe, 1955) 
or approximately ttXf. • since T c * a 
Jo £ 
Where 5 -, W^x'VxVQ*^ i s the mean free path against 
^ capture. 
i n a gas a t pressure p containing a concentration C of. contaminant 
of electron capture probability h, and W i s the mean d r i f t v e l o c i t y 
when 2 i s the f i e l d strength. 
Where M- i s the electron mobility which i s 10 ci»\ 2 V y«X ftV«\. 
for niATiy gases. Also V\—»0 so that o reduces to IxlC Cm. 
For the counters i n t h i s experiment C i s ^  10 * for oxygen 
contamination and p i s 0.53 atmospheres. 
T h e n : , S ? r f * -s 
Therefore only about .04% of the electrons are l o s t by electron 
capture which i s negligible. 
In every discharge a certain amount of the quenching gas i s 
dissociated. For a vapour such as ethyl alcohol the dissociation 
i s permanent and i t s concentration gradually f a l l s with time (of 
operation). Fortunately i n a proportional counter the losses 
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when using ethyl alcohol or a s i m i l a r quenching agent are not 
serious. For example a counter of the type used i n the experiments 
to be described i s subject to bombardment by cosmic ray p a r t i c l e s 
a t a rate of about 100 p a r t i c l e s per second. I f they each 
dissipate 6 KeV i n the counter and the counter gain i s 10^ t h i s 
w i l l produce 2 x 10 ion pairs/sec. Assuming that the quenching 
mechanism i s 100$ perfect t h i s w i l l also be the number of molecules 
of alcohol that are used up per second, so that i n a year 6 x 1 0 ^ 
molecules or about 10 mole of alcohol w i l l be removed. I n 
_ ? 
comparison with t h i s the counter contains 10 " mole of alcohol 
so that l o s s of quenching gas by dissocifltion i s not l i k e l y to be 
of any importance. 
Variations i n ins u l a t i o n resistance of the proportional counter 
are due almost e n t i r e l y to changes i n climatic conditions. I n 
an ionisation chamber, where i t i s often necessary to measure 
currents down to 1 0 " ^ amp., or to c o l l e c t small quantities of 
charge over appreciable periods, the degree of i n s u l a t i o n between 
anode and cathode must be very high indeed under a l l conditions. 
I n a proportional counter the response of-the system to d i r e c t 
currents and low frequencies i s zero and a steady small leakage 
of current between anode and cathode w i l l not a f f e c t the pulse 
shape or s i z e unless the leakage current i s s u f f i c i e n t l y large to 
produce a s i g n i f i c a n t voltage drop i n the network decoupling the 
counter from the E.H.T. supply. I t may, however, conceivably 
lead to a further d i s t o r t i o n of the e l e c t r i c f i e l d i n the neighbourhood 
of the wire support (See 9*2.3c). The flow of current w i l l a l t e r 
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the d.c. l e v e l of the pulse amplifier, i f , as i n t h i s experiment, 
the cathode of the counter i s at a high potential and the anode 
i s 1 grounded through the grid r e s i s t o r of the f i r s t valve. The 
change i n bias l e v e l may make the amplifier response non l i n e a r and 
w i l l increase the noise l e v e l , because not only w i l l the valve be 
operating under conditions di f f e r e n t from those selected to give 
minimum noise, but the leakage current flowing through the grid 
r e s i s t o r w i l l , because of i t s p a r t i c l e nature, be subject to random 
fluctuations. 
The degrees of insulation required to minimise these two 
effects can be estimated. I n the d.c. l e v e l case an additional 
bias of 0.1 v o l t could c e r t a i n l y be neglected, and i f the grid 
7 
r e s i s t o r were 10 ohms and the E.H.T. supply 1 Kv t h i s would require 
an insulation resistance of 10"^ ohms. This can be r e l a t i v e l y 
e a s i l y obtained and i n the warm atmosphere of a room containing 
e l e c t r i c a l apparatus dissipating several kilowatts t h i s can e a s i l y 
be maintained. 
The noise induced by random fluctuations i n the leakage current 
i s given by: 
where e i s the electronic charge, I g the leakage current, C the 
t o t a l grid capacity and T^ and Tg are time constantsthat express 
the bandwidth of the amplifier. 
Using the values associated with t h i s experiment w i l l be 
n 
equal to 10 M v o l t s for a leakage current of <^>10 amps. 
A 2 
v o l t s (r.m.s.) (See chapter 1 0 ) . 
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i . e . an i n s u l a t i o n resistance of 1 0 ^ ohms. 
9.2.3« Constancy of Gas Multiplication Factor With Position, 
Distribution and Amount of Ionisation 
(a) Amount of ionisation. I f space charge e f f e c t s are not 
negligible the gas m u l t i p l i c a t i o n factor w i l l vary with 
the amount of i n i t i a l i o n i s a t i o n , becoming smaller as the 
i o n i s a t i o n increases. I n any quantitative work therefore 
the counter must be checked for l i n e a r i t y over the range 
of i o n i s a t i o n expected. 
(b) Equal quantities of i o n i s a t i o n , but d i f f e r e n t track lengths. 
The e f f e c t of columnar recombination w i l l be more severe i n 
the short dense track than i n a long, l e s s dense one* 
I n addition, the spread i n t r a n s i t time of the electrons 
moving from t h e i r points of origin to the c r i t i c a l region 
may be s u f f i c i e n t l y great i n a large counter to give a 
f a s t e r r i s i n g output pulse from the shorter track and 
the amplifier being frequency dependent w i l l respond 
d i f f e r e n t l y to the varying r i s e times and introduce 
an additional uncertainty. 
(c) Equal quantities of i o n i s a t i o n and equal track lengths. 
Variations i n the gas multiplication factor may occur 
both along and across the counter» Variations along 
the length of the counter r e s u l t from v a r i a t i o n s i n the 
diameter of the anode wire or from the e f f e c t of f i e l d 
d i s t o r t i o n caused by the f i n i t e length of the counter 
and the supports for the wire. The v a r i a t i o n s i n wire 
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diameter become more important as the diameter decreases and t h i s 
together with the increasing f r a g i l i t y of the wire, limited the 
smallest s i z e that can use f u l l y be employed. Apart from 
mechanical defects, changes i n the effective wire diameter along 
i t s length may be caused by the presence of dust p a r t i c l e s on 
the wire, so that when constructing a counter great care has to 
be taken to exclude dust and alBO to avoid introducing any 
further mechanical defects as might r e s u l t from kinking the wire 
when i t i s being mounted. 
The effect of the f i n i t e length of the counter and the 
wire supports i s lo c a l i s e d a t the ends of the counter and the 
f i e l d i s reasonably constant to within a few cathode r a d i i of 
the ends. This holds when the wire i s fastened d i r e c t l y to 
metal supportG of s u f f i c i e n t diameter to reduce the gas gain 
to unity and the length of the counter i s defined as the 
length of the wire. Tf the wire i s terminated instead i n 
insulating sleeves the length of the uniform response part of the 
counter w i l l be more uncertain as an additional f i e l d d i s t o r t i o n 
may r e s u l t from the build up of s t a t i c charges on the surface 
of the i n s u l a t o r s . 
The problem of i n d e f i n i t e length can be overcome either 
by using guard electrodes a t the ends of the wire with the same 
diameter as the wire or by the more dire c t method of r e s t r i c t i n g 
the f l u x of p a r t i c l e s to the cen t r a l uniform f i e l d section of 
the counter allowing a suitable safety 
4--' ^ 
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margin at either end. The l a t t e r i s e a s i l y put into practice 
i n cosmic ray measurements, because by using a simple Geiger 
counter telescope array those p a r t i c l e s passing through the 
uniform region are selected. 
Variations i n gas m u l t i p l i c a t i o n factors across the 
width of the counter are due to a v a r i e t y of causes. These 
are the effects of electron attachment, the e f f e c t of the 
r a d i a l l y asymmetrical e l e c t r i c f i e l d r e s u l t i n g from the 
rectangular cross section of the counter necessary to ensure 
constant track length (for v e r t i c a l t r a j e c t o r i e s ) and als o 
the misalignment of the anode wire. 
The effect of the presence of gases with high electron 
attachment prob a b i l i t i e s i s equivalent to a reduction i n the 
gain of the counter* This e f f e c t i v e gain w i l l d i f f e r not 
only for long and short tr a c k s , but also for two equal tracks, 
one of which passes close to the wire and the other which passes 
close to the walls of the counter, because the distance the 
electrons t r a v e l to reach the c r i t i c a l region w i l l be d i f f e r e n t 
i n the two cases and so a l s o , therefore, w i l l the probability 
of "Trapping 1 1. An additional difference may a l s o a r i s e 
because of the effect of t r a n s i t times on the r i s e time of 
the output pulse, as mentioned above, although i n the case of 
equal track lengths the e f f e c t w i l l be smaller* 
The r a d i a l l y asymmetrical f i e l d w i l l have two e f f e c t s ; 
f i r s t l y , electrons equidistant from the wire may take d i f f e r e n t 
times to reach i t , and secondly the c r i t i c a l region w i l l 
103. 
not be circular i n cross section, so that the gas gain w i l l 
vary with angle. 
The additional asymmetry introduced by the displacement 
of the wire from the central position occurs both i n the 
case of cylindrical and rectangular counters. In a cylindrical 
counter the magnitude of the effect i s indicated by: 
32 ^  foA (see Rossi and Staub, 1949). 
b 2 
where a and b are the anode and cathode r a d i i respectively, 
£ i s the mean f i e l d strength i n the neighbourhood of the wire 
and dE i s the difference i n f i e l d strength for directions on 
either side of the wire when i t i s displaced a distance A 
along this direction. 
Smith (Private communication, 1959) has determined the 
form of the electric f i e l d configuration inside a rectangular 
counter both with the wire central and with i t s l i g h t l y 
displaced. Using the dimensions of the present apparatus 
i t i s found that the departure from a radially constant 
f i e l d i n the case of zero displacement i s negligible at 
distances of the order of the c r i t i c a l radius, and that 
the effect of displacing the wire i s given to a good 
approximation by the expression for the cylindrical case 
on using a geometric mean of the dimensions for b. 
The expected maximum displacement of the wire, taking 
into account the predicted sag under gravity, does not exceed 
i mm and using the value of djft (rate of change of gain 
dV 
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with E.H.T.) obtained for these counters the maximum spread 
i n pulBe height from this cause i s less than 0.1?? which i s 
negligible. 
9.2.5. Statistical Variations i n the Gas Multiplication Factor 
Even i f the perfect proportional counter could be made and a l l 
the uncertainties described above eliminated there would s t i l l 
remain the spread i n the gas multiplication factor due to the 
s t a t i s t i c a l nature of the multiplication process i t s e l f . The 
extent of this spread has been evaluated by Curran et a l (1949) 
for the case where the gain i s much greater than one. Then, i f 
the i n i t i a l number of electrons i s N, and M i s the mean multiplication 
factor, the probability that M w i l l l i e between M and M + dM w i l l 
be given by: „ 
(3/2N-1) . 3 / a t . f f - 1 ) 
M e d H a 1 
The fractional s t a t i s t i c a l deviation of this curve i s x 3 
This spread was shown to be approximately equal to that introduced 
by the spread i n the mean value of the average energy loss per 
ion pair formed, so that the t o t a l factional standard deviation of 
a pulse distribution from a perfect counter w i l l be (4/3N)2. An 
energy dissipation of 5 KeV i n argon w i l l therefore give an output 1/2 
pulse whose fractional standard deviation i n height w i l l be (3 x 200) 
i.e. 8%. 
9.2.6. The Relationship Between Pulse Height and Energy Dissipation 
When the inaccuracies and variations i n response of the 
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proportional counter and i t s associated amplifier and display 
equipment have been reduced to a minimum there remains the problem 
of determining the numerical relationship between an output pulse 
height, measured i n volts (or cm) and an i n i t i a l expenditure of 
energy, measured i n ev. I t i s not practicable to obtain this 
relationship by determining the relevant factors i n the chain of 
processes, i.e. 
(a) The average amount of energy required to form an ion pair. 
(b) The gas multiplication factor of the counter. 
(c) The gain of the amplifier. 
and performing the necessary calculations. This i s so, because i t 
i s not possible to calculate (b), the gas multiplication factor, 
given the dimensions of the counter, details of the gas f i l l i n g and 
the E.H.T. voltage. This means that i t must be determined 
experimentally and the method used to do this can by a slight 
modification be used to calibrate not just the counter, but the 
system as a whole, thereby enabling one to obtain the relationship 
between f i n a l pulse height and energy loss directly. 
The way i n which the gas multiplication factor can be measured 
i s to expose the counter to radiation, e.g. tk~ particles or X-rays 
so that the entire energy of the particles or photons i B given to the 
gas. The output pulse height i s then measured under normal conditions 
and then with the E.H.T. reduced to give a gain of unity. This i s 
a satisfactory procedure for low gains, but not for high where the 
large amount of ionisation necessary for the measurements with no 
gas multiplication may be subject to space charge effects under 
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normal conditions which seriously reduce the measured value of the 
gain, whereas for the amounts of ionisation that the counter i s 
expected to measure these effects may be completely negligible. 
A better method i s to irradiate the counter with X-rays of 
known energy, comparable to the expected energy losses under 
investigation, and to measure as before the pulse height corresponding 
to the t o t a l absorption of individual photons* This then yields 
the calibration factor directly. 
Originally the X-rays were produced by irradiating a sheet of 
a selected metal with V -rays from a radioactive source, but with 
the appearance of easily available radio-isotopes i t became possible 
to use instead K-capture X-ray sources. This method was pioneered 
by Rothwell et a l (1950) i n their work on the calibration of 
proportional counters and their application to energy loss problems 
notably that of the ionisation loss of r e l a t i v i s t i c electrons. 
The method i s a very convenient and powerful one, because not 
only can the counter pulse be calibrated directly, but by using a 
number of different X-ray sources the line a r i t y of the system can 
be checked and by calibrating the counter with a single source placed 
i n different positions the constancy of the gas multiplication factor 
along and across the counter can be v e r i f i e d . The only restriction 
on this i s that i t i s necessary to provide a thin calibration window 
i n the counter walls. Mica i s often used for this purpose. I f 
t h i s i s not done and a large source i s used instead,the low energy 
( ~ 10 KeV) calibration X-rays are excessively attenuated i n comparison 
with the higher energy ( ^ 1 MeV) X-rays which are also 
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emitted by the sources. The high energy X-rays have a much smaller 
probability of losing a l l their energy i n the counter, but they give 
rise to electrons and photons extending over a wide energy range and 
the contribution from the calibration X-rays i s l o s t . I t i s 
important to note that this method of calibration may be subject to 
a small systematic error. This arises from the fact that the 
photoelectrons produced by the K-capture X-rays have a range i n the 
gas of only a few millimetres, whereas the ionisation under investigation 
i s produced along a path of 11 cm. These differences i n track 
length can lead to difference i n output pulse height for the same 
i n i t i a l amount of ionisation, for the reasons discussed above 
(section 9.2.3. (b)). The affect i s expected to be small, however, 
i t w i l l be considered again i n Chapter 12 when the results of the 
ionization experiment are analysed. 
9.3. The Annstrnotion of the Proportional Counters 
The constructional details of the proportional counters are 
shown i n Figure 9.3.1. The cathodes were made from a section of 
copper waveguide roughly sown to length and then accurately milled. 
The two holes for the calibration window were d r i l l e d and the ends 
of the counter polished with fine emery paper ready for the brass 
tod pieces to be soldered i n place. These brass end pieces were 
machined to shape, d r i l l e d and tapped to take the feed-through 
insulators, screening caps and the brass gas i n l e t pipe. The i n l e t 
pipe was brazed on, the edges of the brass plates tinned and the 
completed end pieces soldered onto the copper waveguide. A rinse with 
carbon tetrachloride was then given to remove traces of o i l and grease. 
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The central tungsten wire was passed through the holes In the 
brass end plates using a thick ( 14. SWG) copper wire as a lead and 
the glass feed-through insulators threaded onto the ends of the 
tungsten wire. 'Araldite' was then used to fasten the insulators, 
wire and glass i n l e t pipes i n position. In order to prevent the 
wire from"sagging the 'Araldite 1 was allowed to set with the counter 
supported vertically and with the wire stretched by a 200 gm weight. 
When i t was certain that the 'Araldite 1 had set hard the counters were 
rinsed out with water and detergent, tap water, d i s t i l l e d water and 
f i n a l l y with acetone. They were then allowed to drain and the 
remaining traces of acetone removed by evacuating them. 
The mica windows were fastened on with 'Araldite 1 and a layer 
of 'Araldite' painted over a l l the soldered joints as a precaution 
against possible pin-holes. The constructional work was then 
completed by putting on the screening cans as shown i n the diagram. 
The connection to the anode was made by binding the tungsten wire 
to i t s supporting metal tube with tinned copper wire and soldering 
the l a t t e r i n position. The completed counters were then sealed 
on to the vacuum system, pumped down and tested for leaks. After 
flushing out with 1 cm. of Neon and re-evacuating, the counters were 
f i l l e d with 2.9 cm of methane and 40.1 cm of Neon at 20°G. Each counter 
was then given a preliminary test using cosmic rays as a source 
of ionisation and were found to operate satisfactorily i n the same 
voltage region. 
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CHAPTER 10 
THE ASSOCIATED ELECTRONIC CIRCUITS 
10.1• General features 
A block diagram of the proportional counter and I t s associated 
electronic circuits i s shown i n Fig. 10.1.1. The pulses from the 
counter, which are of the order of a few hundred microvolts for 
r e l a t i v i s t i c particles, are amplified about five hundred times by 
a head amplifier mounted close to the counter and pass from there 
via several metres of screened cable to the main amplifier and 
recording equipment. Each counter has i t s own head amplifier, but 
the output pulses from a l l the units are mixed and fed into one 
common main auplifior. Tho system i s designed for a maximum of 
four separate counter chains. 
10.2. The Stabilised E.H.T. Supply 
This i s based on an A.E.R.E. design and i s capable of 
supplying up to 2.5 kv. The output from this unit, which has i t s 
own integral coarse and fine output controls, i s connected to the 
counters via a 25 step potentiometer chain and a decoupling 
network consisting of 100K ohm resistor and a 0.5JJ>F condenser. 
The resistance to ground of this condenser and the associated feed 
through insulators was better than a few times 10^ ohm at 2 kv, 
so that relative changes i n the E.H.T. could be conveniently monitored 
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at the output terminals of the E.H.T, pack instead of directly 
across the counters. 
The E.H.T. was monitored by comparing a fraction of i t with 
the EJ4.F. of a standard c e l l using a Fye •Scalamp1 galvanometer 
as null indicator* With this arrangement the sensitivity was 
such that the lowest l i m i t of measurement of 1 part i n 6000 was 
imposed by the number of decades on the resistance box rather than 
by the minimum detectable shift of the galvanometer l i g h t spot. 
A typical set of day to day E.H.T. readings i s shown i n 
table 10.2.1. 
Table 10.2.1. 
E.H.T. (mult, by const.) 
Sunday 5954 
Monday 5952 
Tuesday 5954 
Wednesday 5950 
Thursday 5948 
Friday 5950 
Saturday 5950 
A study of the gas multiplication factor versus E.H.T. curves 
for typical proportional counters (Rossi & Staub, 1949) indicates 
that for small voltage changes a given fractional change i n E.H.T. 
can produce a change i n gas gain an order of magnitude higher. 
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This was subsequently borne out by experiments on the actual 
counters used i n thi s experiment (see Chapter 12 for details). 
I f therefore results are to be consistent to within + 1% over a 
run the E.H.T. supply should be stable to at least one part i n 
a thousand i n order to remove any uncertainty as far as i t i s 
concerned. Table 10.2.1. shows that the E.H.T. pack satisfies 
this criterion. 
10.3. The head amplifier 
This i s based on the well known ring of three circuits, and 
i s shown i n f i g . 10.3.1. The f i r s t three valves are the amplifier 
proper with the negative feedback loop connected between the 
cathode of and the cathode of V^. The fourth valve i s a 
cathode follower providing a low output impedance for the pulses 
which have to be fed to the main amplifier via several metres of 
cable. i s necessary even i f , as was done originally, the signal 
i s taken from the very low impedance point at the cathode of 
instead of from the relatively high impedance at i t s anode. This 
i s so, as i n the former case the output impedance i s not purely 
resistive, but Includes an inductive component which causes the 
amplifier to oscillate when loaded by the capacity of a few 
metres of cable (see for example Elmore & Sands, 1949). 
The changeover to the present system was prompted by the 
fact that the ordinary cathode follower can only handle 
satisfactorily fast rising pulses of positive polarity and also 
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by the need for Increased and easily controllable gain. In th i s 
way the gain of the individual head amplifier could be adjusted 
to counterbalance the variations i n gas multiplication among the 
proportional counters when they were operated at the same E.H.T. 
In operation the gain of each head amplifier was set 
approximately correctly. The negative feedback condenser C was 
adjusted for no overshoot on a fast rising test pulse and the 
gain readjusted to the required value. The problem was made 
easier by the decision, prompted by the amount of time available 
and the relative collecting efficiencies of the counters, to use only 
two of the four available counters. The gain of the amplifier 
associated with the counter with the lower gas multiplication 
factor was then set at maximum and the head amplifier of the other 
counter adjusted accordingly. The gain i n the maximum position 
i s ~ 500. 
10.4.. The lower l i m i t of pulse measurement 
The lower l i m i t of pulse size measurement i s set by the noise 
level of the amplifier and as there i s a l i m i t to the amount of 
gas multiplication that can be obtained from a proportional counter 
without passing outside the proportional region, i t i s necessary 
to consider the steps that can be taken to reduce the amplifier 
noise and to keep the signal to noise r a t i o as high as possible. 
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The sources of noise can be divided into three categories. 
These are: 
(1) Mechanical. External mechanical shocks or vibration set 
up vibration i n the components of the amplifier which can 
cause electrical oscillations of considerable magnitude. 
This i s particularly true for valves. 
(2) External sources of electrical interference. In t h i s 
category are included electromagnetic disturbances picked 
up by the signal leads, mains-borne Interference and mains 
ripple on the power supplies. 
(3) Inherent electrical noise i n the amplifier, particularly 
the input network of the f i r s t stage, and i n the f i r s t 
valve. 
The effect of mechanical vibrations can be much reduced by 
f i r s t of a l l making sure that a l l components are r i g i d l y fastened 
to the amplifier chassis and then supporting the whole amplifier 
i n such a way that i t s period of natural oscillation i s very 
long. Any induced vibration which i n general w i l l be of much 
shorter period w i l l then be heavily damped. Vibrations of period 
comparable with that of the natural period of oscillation are not 
li k e l y to occur, but these can be controlled by additional 
mechanical damping and i n any case the response of the amplifier 
to such low frequencies, of the order of a few cycles per second, 
i s very small indeed. 
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External sources of electrical Interferences are reduced by 
using adequate electrical screening, multiple i f necessary, by 
avoiding wherever possible multiple earth returns, by using d.c. 
supplies for the heaters of the valves and by adequate smoothing 
and decoupling for a l l power supplies. 
The inherent electrical noise of the amplifier and i t s input 
c i r c u i t i s the source of noise over which least control can be 
imposed and i n general i t sets the lower l i m i t of 3ignal detection. 
When, as i n th i s case, the f i r s t stage of the amplifier produces 
appreciable amplification of the signal, only noise produced i n 
i t s input stage and within the f i r s t valve are important. 
The main sources of noise i n the f i r s t stage of the amplifier 
are: 
(1) Thermal noise due to the thermal motion of electrons i n 
the input resistor of the amplifier. 
(2) Shot noise arising from the random emission of electrons 
from the cathode or from the electron cloud surrounding 
i t , depending on whether the valve i s operating under 
temperature or space charge limited conditions. 
(3) Grid current noise due to the random motion of the current 
carriers i n the grid current through the grid resistor. 
(4) Flicker noise due to the random appearance of impurity 
centres on the cathode surface. 
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The noise level appearing at the output of the amplifier i s 
a function of the frequency response of the amplifier. The l i m i t s 
of the pass band can be reasonably specified i n terms of a single 
integrating time constant T^ , and a single differentiating time 
constant Tg corresponding to the upper and lover half power 
frequencies. 
I t i s convenient to specify the noise level i n terms of the 
equivalent input noise for an amplifier of i n f i n i t e bandwidth 
and constant gain. The t o t a l r.m.s. equivalent noise level can 
then be shown to be (see for example Gillespie, 1953): 
v 2 = kTe T j 2 + kTe 2 ^ T x 
C2R + T 2) ^ T 2 (T x * T 2) 
••Sft T i 2 + 10" 1 3 T i 2 T v o l t s 2 
2C 2 t T l-T 2) (V " V f V 
where the successive terms represent the contributions from thermal, 
shot, grid current and fl i c k e r noise respectively, and k i s Boltzman1 
constant, T the absolute temperature, R the grid resistor, C the 
t o t a l input capacity including strays, e the electronic charge, 
I the anode current, gm the mutual conductance and I the sum, a S 
regardless of sign, of the positive and negative components of the 
grid current. 
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In the case of a pentode f i r s t stage the shot noise term 
becomes 
kT 2 ^ ft) ( - 5 0 t U t ^ t * . ) 
due to the effect of the division of the cathode current I between 
c 
the anode current I and the screen current I . 
a s 
Not a l l of these terms are of equal importance. R i s generally 
chosen to make the thermal noise negligible in comparison with 
the grid current noise and the latter i s reduced by increasing 
- and decreasing V &. This reduces the number and kinetic energy 
of the electrons, and by so doing decreases the positive grid 
current due to the positive ions produced when the electron stream 
collides inelastically with residual gas molecules* This process 
cannot be carried very far however, since the gm i a also reduced 
and the shot noise i s increased. In most cases shot noise i s the 
predominant term and under these conditions i t i s advantageous 
to use a triode input stage. 
10.5. The Signal to Noise Ratio 
In order to evaluate the signal to noise ratio, S/N, i t i s 
necessary to specify the form of the input pulse. For the 
ionisation chamber and proportional counter this can be reasonably 
approximated by a pulse with an i n i t i a l linear ris e of period 
T to a plateau of much longer time period (see Gillespie, 1953) 
and using Gillespie's treatment i t can be shown that the S/N i s 
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a maximum for = for a l l values of X from 0.5 to °o where 
X i s defined by (T x 1^ - XT. 
A similar analysis shows that this condition also gives the 
least variation i n amplifier gain for variations i n the pulse r i s e 
time. 
The size of the single differentiating time constant that 
limits the low frequency response of the amplifier and i t s position 
in the amplifier chain are important for a variety of reasons. 
I t controls to a large extent the ability of the amplifier to 
deal with pulses which follow i n close succession to one another. 
For this purpose the time constant should be small compared with 
the transit time of the positive ions in the counter, but not 
smaller than the i n i t i a l rapid rise time of the counter pulse, 
otherwise the pulses w i l l be unduly attenuated without any 
appreciable gain in resolving power. 
I f pulses from the counter arrive so rapidly, and their length 
i s such, that the leading edge of one f a l l s on the t a i l of the 
previous pulse, 'pile up* occurs which can, i f of sufficient 
magnitude, drive the amplifier off the linear part of i t s 
characteristic. The probability of this happening increases with 
successive stages as the pulse height increases. I t would therefore 
seem advisable to introduce the differentiating time constant 
as early as possible in the amplifier chain and in fact this could 
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be done simply by using a comparatively snail load resistor, e.g. 
10^ ohm on the counter, so that the time constant consists of this 
resistor and the total input capacity of the amplifier, counter 
and strays. I t i s known, however, that to reduce thermal noise to 
the minimum this load resistor should be as large as possible and 
i t would seem better from this point of view to put the small time 
constant later on in the chain. This would have the additional 
advantage that the effects of microphonics and a.c. pick-up would 
be much reduced and in practice the small time constant i s placed 
after the f i r s t few stages of amplification where the pulses are 
too small for 'pile up1 to be Important i n the applications envisaged. 
A suitable position i s after the head amplifier. 
In the amplifying system used in this experiment, the 
differentiating time constant was 5 yusec. The upper frequency 
'limit* was determined by the constants of the head amplifier 
and no additional integrating time constant was introduced. The 
upper half power frequency determined from a series of gain m 
frequency measurements corresponded to a value of T^ of approximately 
2 yusec. In view of the slow variation of S/fa with the ratio of 
T-j/Tg i n neighbourhood of T^ = Tg this was considered 
adequate• 
The noise level in the f i r s t valve was kept down by connecting 
i t as a triode and by suitably adjusting the grid voltage, but 
no attempts were made to specially select valves for the f i r s t 
119. 
stage or to investigate the effects of operating at reduced anode 
voltage. This was because i t was found possible to obtain a good 
S/N without these elaborate precautions, but i f at a later date 
investigations were carried out with different counter f i l l i n g s and 
lower gas gains i t might prove necessary to take these precautions. 
Experiments showed that S/N was approximately 2 0 for the 
most probable pulse height under the conditions of this experiment. 
10.6. The main amplifier and recording equipment 
The pulses from the head amplifier are mixed by connecting 
the outputs in parallel, so that the cathode followers i n each 
of the head amplifiers have a common cathode load as far as A.C. 
signals are concerned. The 'mixed* pulse i s then delayed by 
about 5 / a s e c , differentiated by passing through a 5 /*see. 
CR coupling and fed into the main amplifier and from thence into 
an oscilloscope for display or photographic recording. The 
oscilloscope i s triggered by a pulse from the coincidence circuits 
which select the cosmic ray particles and the delay introduced 
into the proportional counter pulse enables the 'bright-up' pulse 
to reach maximum despite delays introduced by the coincidence 
circuits and also puts the counter pulse beyond the i n i t i a l non-
linear section of the time base sweep. A few milliseconds after 
the i n i t i a l sweep the timebase i s again triggered and the second 
120. 
sweep used to provide a base line from which measurements can be 
made. 
The coincidence circuits and the cycling system for the 
cameras etc. are considered in the next chapter. 
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CHAPTER 11 
THE EXPERIMENTAL ARRANGEMENT 
11*1• The Geometrical Arrangement 
The four proportional counters are mounted side by side at 
a distance 31 cm. above tray B in the spectrograph, with their 
longest dimension in a direction at rightangles to the direction 
of the magnetic f i e l d . This i s shown in f i g . 11.1.1. The geiger 
counters designated T, which are mounted above and below each 
proportional counter, are connected to form a set of four, two-fold 
telescopes and in conjunction with the spectrograph select the 
cosmic ray particles. 
The proportional counters, the geiger counters, their 
associated quenching units and the four head amplifiers are mounted 
on a trolley which can be moved in and out of the 'beam' of the 
spectrograph so as to facili t a t e teats and to enable other 
experiments to proceed. The proportional counters, -supported at 
either end on insulating blocks, are contained in an aluminium 
box for screening purposes and are connected by short lengths 
(<*~15 cm.) of coaxial cable to their respective head amplifiers. 
These are supported from the trolley framework by stretched rubber 
strings to reduce the effects of microphony. 
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The trolley i s shown in plate 11.1* Part of the screening 
has been removed to show the proportional counters. The framework 
supporting the top four geiger counters i s hinged and l i f t s up 
to enable a radioactive source to be placed on one of the 
calibration windows. 
U.2. Particle selection 
The particle beam through each of the proportional counters 
i s defined by the geiger counters in the spectrograph and by the 
individual two-fold telescopes. The spectrograph defines the useful 
length of the proportional counters and the two-fold telescope 
the useful width. The useful length i s 52 cm. compared with the 
actual length of 76 cm., so that end effects can be safely 
neglected. The useful width i s approximately 60% of the total. 
The particle momentum i s determined in the same way as in 
the spectrum measurements, but the accepted particles have to 
satisfy the additional criterion of discharging one of the four 
2-fold telescopes. This i s ensured by mixing the outputs from the 
four 2-fold coincidences units and feeding the common output 
pulses into one of the channels of the main Rossi coincidence 
circu i t which i s then operating i n 6-fold coincidences. The other 
five channels being operated by pulses from the five trays of 
G.M. counters as in the spectrum measurements. The master 
coincidence pulse from the Rossi unit i s then used: 
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(a) to trigger both the momentum analyser oscilloscope and the 
proportional counter oscilloscope. 
(b) to trigger the camera cycling systems. 
(c) to gate the unit which determines the proportional counter 
through which the particle has passed. 
U.3. Correlation of the film records 
I t i s necessary to adopt some method of correlating the 
information recorded on the two oscilloscope films, i . e . the 
momentum of the particle and the amount of ionisation i t produces 
and also to correlate these records with the data obtained from 
the flash-tube cameras i f in use. In principle i t should be 
possible, having started the oscilloscope cameras together, to 
number the frames mentally from the start, but the necessity of 
counting up to several hundred frames with absolute certainty 
and the possibility of lost or doubtful frames due to accidental 
fogging or faults in development renders the method highly 
unsatisfactory. The method used here i s to label seme of the 
pairs of corresponding frames with the flashes from a set of neon 
bulbs. The bulbs are arranged inside the camera cones as close to 
the actual oscilloscope screen as possible taking care not to 
obstruct the view of the trace. The 'ionisation' camera sees 
nine bulbs altogether. Four of these indicate which of the 
proportional counters i s involved in a given event. Two more, 
together with a corresponding pair associated with the momentum 
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analyser camera, are arranged to flash and label every 5th frame. 
One flashes for every 5th frame and two for every 25th frame. 
The remaining three bulbs are arranged to perform a similar 
function in conjunction with the flash tube array except that in 
this case one bulb flashes for every event in which the flash 
tubes are pulsed and two bulbs indicate a 5th frame and three 
bulbs a 25th. 
11.4* Electronic Circuits for particle selection and record correlation 
A block diagram of the complete system i s shown in f i g . 11.4.1• 
A l l the units except for the 2-fold coincidence units, the 
cycling system and the hodoscope unit have been described i n detail 
elsewhere* The remainder w i l l now be described. 
The 2-fold coincidence unit 
The circuit i s shown in f i g . 11.4.2. The basic 2-fold units 
are four short suppressor base pentodes biassed off by both 
g^ and gy The two coincident signals are applied to these grids 
and the output signals from a l l units mixed by virtue of the 
common anode load R. inverts the negative coincidence pulse 
and by appropriate choice of the values of i t s associated circuit 
elements also discriminate against the small non coincident 
break through pulses due to capacitative coupling between g^ and 
anode. V>- i s the output cathode follower. 
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The Cycling System 
The circuit i s shown in f i g . 11.4.3. The relays and 
uniselectors are actuated by pulses from the Rossi coincidence 
unit and by pulses from the momentum selector (flash tube trigger 
pulses) applied to the two univibratore and 7^ respectively. 
and serve to isolate the univibrators from the input 
circuits and prevent any spurious pulses generated at the end 
of the univibrator pulse from being fed back into the Rossi or 
momentum selector ci r c u i t s . I t i s helpful to consider the action 
of the two sets of univibrator s and associated relays etc. separately. 
(a) The Rossi unit section 
This part of the circu i t performs three functions. 
1. I t paralyses the Rossi circuit during the cycling period. 
2. I t 'counts1 the number of events and flashes the correlation 
bulbg at the appropriate frames. 
3. After a delay (<^200 ms) to allow the bulbs to flash 
the two cameras are moved on. 
Mode of operation 
Normally V^ a i s non conducting and i s hard on. When 
the univibrator i s triggered i s switched hard on and 
relay RL^ energised. The contacts close paralysing 
one of the channels of the Rossi coincidence unit by shunting 
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a control grid of one of the inverters to earth. Contacts 
also close, energising the relay system RLg and RL^. 
From the circuit diagram i t can be seen that RLg operates 
f i r s t , switching on RL^, vhich in turn switches off RL 2, 
remaining on i t s e l f until the end of the univibrator period by 
virtue of vhich i s in parallel with Relay RL^ controls 
the period of flashing of the bulbs used to correlate the film 
records. Tho poriod i s lengthened by use of an eddy current 
slug onRLg a n d the period can be controlled by altering the 
position of a screw in the armature. The camera and uniselector 
are controlled by contacts on both relays. They operate only 
when RL^ i s on and RI<2 i s off, so that the camera and uniselector, 
which move on together, cannot do so until the bulbs have been 
switched off. Tho uniselector, which h s 3 25 positions, 'counts' 
the number of frames and determines vhether the bulbs flash or 
which bulbs flash depending on the setting of the uniselector 
at the end of the previous cycle. 
The momentum selector section 
This section controls the bulbs correlating the ionisation 
GRO film and the flash tube data films. Essentially, the bulbs 
and frame-counting uniselector are switched by RLg and RL^ 
as for the other set of bulbs and uniselector, but their 
power supplies are also routed via the contacts on relays 
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RL. I n V anode lead. The period of t h i s univibrator i s made 4 4a 
s l i g h t l y l e s s than that of the other univibrator to ensure 
that the p a r a l y s i s time i s longer than the former's period. 
The Hodoscone Unit 
The proportional counter through which the p a r t i c l e has 
passed i s i d e n t i f i e d by determining which of the four 2-fold 
counter telescopes has been traversed and by means of associated 
electronic c i r c u i t s causing one of four neon bulbs located inside 
the ionisation camera cone to f l a s h . This i s done by detecting 
2-fold coincidences between pulses from the quenching units 
associated with the top four geiger counters (T^) and master 
Rossi coincidence pulse. The c i r c u i t i s shown i n f i g . 11*4«4« 
V, acts as i s o l a t o r and phase s p l i t t e r for the positive Rossi 
trigger pulse. Vg ^ are 2-fold coincidence units the output 
pulses from which trigger the associated cathode coupled 
univibrators ^. The neon hodoscope bulbs are d i r e c t l y 
coupled to the cathode of these valves and f l a s h for «-30 ms. 
The i s o l a t o r valve also supplies inverted (negative) 
Rossi pulses to the delayed trigger unit which triggers the 
1 i o n i s a t i o n ' oscilloscope a few milliseconds a f t e r the main event 
so providing a base l i n e from which measurements can be made. 
This unit (see f i g . 11.4.5.) i s merely a modified quenching 
unit. The positive univibrator pulse from V,. anode i s 
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diff e r e n t i a t e d by C and R and fed to the inverter which 
only responds to negative going pulses. The unit therefore 
produces a positive output pulse a t the f a l l i n g edge of the 
univibrator pulse. 
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CHAPTER 12 
THE EXPERIMENTAL RESULTS 
12.1. The l i n e a r i t y of response of the amplifiers and proportional counters 
Prior to the main part of the experiment a s e r i e s of t e s t s 
were carr i e d out to investigate the performance of the amplifiers 
and proportional counters. These measurements were performed using 
a simplified amplifier chain. This consisted of one head amplifier, 
the main amplifier and a single channel pulse height analyser. 
The l i n e a r i t y of the amplifying system was f i r s t checked by 
feeding suitably attenuated pulses into the head amplifier and 
measuring the height of the output pulses from the main amplifier 
with the single channel pulse height analyser. The r e s u l t for 
one such combination of head amplifier and main amplifier i s shown 
i n f i g . 12.1.1. The deviation of the input pulses from t h e i r 
nominal values does not exceed 1% and the deviation from l i n e a r i t y 
of the output pulses over the range 0 to 10 a r b i t r a r y input units 
corresponding to an energy range i n the following experiments of 0 
to 29 KeV i s ^1.6%. (Minimum ionisation corresponds to 5.1 KeV). 
The performance of the counter was then tested using the 
k-capture x-rays from 2i\65 (8.05 KeV) and Sn 113 (24.2 KeV). 
These sources were prepared by evaporating a drop of the radioactive 
s a l t solution on a small tray (2-3 cm. diameter), giving a source 
strength of <~0.1IAC. The trays, aluminium i n the case of 
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Zn 65 and polythene i n the case of Sn 113 (since S^gClg soln. 
contains free HCl), were then covered with a l a y e r of 'cellotape* 
to protect them and i n use were inverted i n turn over one of the 
mica windows i n the counters. 
The k-capture x-ray photons from these sources are absorbed 
by photoelectric processes, as Compton scattering i s of negligible 
importance at these energies. The energy absorption takes place 
i n several stages, the electron ejected a t the f i r s t stage carrying 
an amount of energy: 
e = hv = 6 i 
where h v i s the energy of the photon and i s the energy required 
to remove the electron from the atom. The photoelectron i s then 
slowed down by raolGcular c o l l i s i o n s giving up i t s energy and producing 
further i o n i s a t i o n and e x c i t a t i o n . 
I f the electron has been ejected from an inner s h e l l of the 
atom, electron rearrangement takes place between the s h e l l s to 
f i l l the vacancy. The energy released i n t h i s process i s removed 
either by the emission of a photon or by the e j e c t i o n of an 
electron from the ion (the Auger e f f e c t ) . When the l a t t e r occurs 
the energy of the electron i s absorbed i n the usual manner, but 
i f a photon i s emitted there i s an appreciable probability that 
i t w i l l escape from the counter, so that a monoenergetic photon 
source w i l l give r i s e to more than «ie peak i n the pulse height 
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spectrum. These peaks are a main peak corresponding to the t o t a l 
energy of the photons hv and a subsidiary escape peak or peaks 
of energy hi> - hv', where h v ' i s the energy of the photon 
that i s emitted when, for example, an electron drops from the L 
s h e l l to f i l l a vacancy i n the K s h e l l . 
The probability that the excess energy i s removed by emission 
of a photon rather than an electron depends on the atomic number 
of the gas, the probability increasing with increasing atomic 
number. I n the heavier gases, such as xenon, t h i s probability, 
the so-called fluorescence y i e l d , i s high and may give r i s e to a 
c e r t a i n amount of confusion i n the interpretation of complex 
energy spectra, but i n the l i g h t e r gases i t i s of much l e s s 
importance. I n argon for example, i t i s only 9% and i n neon i t i s 
even l e s s , so that the escape peak i s completely negligible i n 
comparison with the main peak and no d i f f i c u l t y a r i s e s . 
The e f f i c i e n c y with which the photon energy i s converted into 
the equivalent number of ion p a i r s i s determined almost e n t i r e l y 
by the probability for the i n i t i a l photon interaction i n the 
counter. This i s so, because the energy of the primary photoelectron 
cannot exceed that of the photon and since for a 10 KeV electron 
the range i n the counter gas i s only a few millimetres the 
probability that most of them are absorbed by the counter gas i s 
very high, whereas on the other hand the photon absorption process 
gives a very low conversion e f f i c i e n c y . For example, i n the case 
of 10 KeV x-rays and for a v e r t i c a l path through the counter 
13?. 
of the radiation i s absorbed by the mica window and only %.Of? 
by the ges. 
The t e s t s that were performed with the sources were:-
(a) A determination of the pulse height d i s t r i b u t i o n corresponding 
to the 8.05 KeV photons using the central ualibrfition window. 
The r e s u l t obtained i s shown i n Figure 12.1.2. The width 
expressed i n terras of the standard deviation (assuming 
an approximately normal di s t r i b u t i o n ) i s 7.6^. This compares 
favourably with the value 7* obtained using Currsn's (1949) 
1/2 
expression, i . e . & = (4/3N) . Idhere N i s the number of 
ion pfiirs formed i n i t i a l l y . 
(b) £ second determination for the other c a l i b r a t i o n window that 
l i e s 1.3 cm off the centre l i n e of the counter, and a comparison 
with the previous measurmentR to pee i f the j n u l t i p l i ^ t i o n 
factor v c r i e c ccross the counter. The r e s u l t showing the 
two. dis t r i b u t i o n s i s given i n Figure 12.1.3. I t i s seen that 
within the l i m i t s of accuracy of the experiment the two dis t r i b u t i o n s 
are the same, end no variation i n gain across the counter can 
be detected. 
(c) A determination of the positions of the peaks of the pulse 
height d i s t r i b u t i o n s obtained with the x-rays from Sn 65 and 
Sn 113. The expected r a t i o between the positions of the two 
peaks i s 24.2/8.05 i . e . 3>01. The measured r a t i o s for the 
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two counters were 3.08 + 0.06 and 2.99 1 0.06 from which i t 
may be concluded that the r e s u l t s are not inconsistent with 
a l i n e a r counter, response up to a t l e a s t 24.2 KeV. 
I t could be argued that two such determinations do not 
provide conclusive evidence for t h i s , but i t i s d i f f i c u l t to 
conceive a mechanism that would y i e l d a non l i n e a r relationship 
between energy and pulse height and s t i l l pass through the two 
experimental points and the 'origin'. This i s e s p e c i a l l y so i n 
view of the f a c t that experiments i n the past with proportional 
counters using several c a l i b r a t i o n sources have indicated no 
such non-linear relationships, but only the saturation that 
sets i n a t higher energies. 
A determination of the va r i a t i o n of multiplication factor 
with counter E.K.T. The position of the peak corresponding 
to 8.05 KeV photons was determined for three values of the 
E.H.T. At the normal operating E.H.T. 970 v o l t s and a t 
+ 25 v o l t s from t h i s value. This gave a value for & A / &V 
A / V 
of 11, i . e . 1% change i n E.H.T. w i l l r e s u l t i n a change of 11% 
i n gain. This i s of the magnitude to be expected and since the 
day to day va r i a t i o n i n E.H.T. i s only of the order of 1 part i n 
several thousand the s t a b i l i t y of the E.H.T. power pack i s 
quite adequate for the present purpose. 
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I n the main experiment the amplifier system was changed to 
that described i n an e a r l i e r chapter. The two counters were used 
simultaneously, the outputs of the head amplifiers strapped together 
and the common output fed into the main amplifier. The output 
pulses from the main amplifier were then displayed on a cathode 
ray tube and could simultaneously be measured with a single channel 
pulse height analyser. The system was adjusted for approximate 
equality of response from both counter chains using a c a l i b r a t i o n 
source, as described i n chapter 10 and the l i n e a r i t y of the amplifiers 
tested using a pulse generator. The amplifier l i n e a r i t y i n t h i s case 
was found to be s l i g h t l y below the previous standard, but to be 
s t i l l s u f f i c i e n t l y l i n e a r . 
The figures for one of the amplifier chains were as follows: 
Equivalent energy range 0-17.5 KeV Max. deviation from l i n e a r i t y 
1.456 
Equivalent energy range 0-20 KeV Max. deviation from l i n e a r i t y 
5.62 
12.2. The experimental procedure 
When these t e s t s had been completed and i t was certain that the 
counters and amplifiers were operating s a t i s f a c t o r i l y the main 
experiment was started and the proportional counters on t h e i r 
t r o l l e y pushed into the 'beam' of the spectrograph. 
O r i g i n a l l y , i t had been intended that a t l e a s t 10,000 events 
should be accumulated, but shortage of time enabled only some 
1,500 events to be recorded. 
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During the experiment t e s t B were performed d a i l y to check on 
the constancy of the gain of the amplifiers and proportional 
counters and also to provide c a l i b r a t i o n points for subsequent 
a n a l y s i s . 
The routine d a i l y checks were: 
1. The E.H.T. supply voltage was measured. 
2. The overall response of each counter chain was checked with 
the single channel pulse height analyser using the Bn 65 source. 
3* A se r i e s of pulses from a pulse generator were fed into each 
head amplifier i n turn and the height of the corresponding 
output pulses recorded photographically from the oscilloscope 
and a l s o measured d i r e c t l y on the pulse height analyser. I n 
t h i s way the &n 65 ca l i b r a t i o n measurementa made with the 
pulse height analyser could be converted a t a l a t e r date into 
the corresponding pulse height on the oscilloscope display. 
The s t a b i l i t y of the system was found to be per f e c t l y adequate 
as no s i g n i f i c a n t change i n the position of the 8n 65 c a l i b r a t i o n 
peak for one counter chain could be detected over the period of 
the complete run and only an o v e r a l l change of ^  U% i n the other. 
I f the mean position of the l a t t e r i s taken for the purpose of 
calculation the e f f e c t s of t h i s already small d r i f t w i l l tend 
to cancel out and i t can safely be ignored. 
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12.3. Analysis of r e s u l t s 
12.3.1. The basic data 
Each run y i e l d s two film records. The momentum analyser f i l m 
and the proportional counter oscilloscope f i l m . Between them they 
contain information on the momentum category number, i t s sign, 
the height of the proportional counter pulse and the counter 
involved for each p a r t i c l e that i s recorded, and also a photographic 
rocord of the c a l i b r a t i o n t e s t s . P a i r s of t y p i c a l frames are shown 
i n p l a t e s 12.3.1. and 12.3.2. 
Both films were projected and measured. The estimated accuracy 
of each pulse height measurement from the proportional counter 
record was better than 2.5/6 and the departure from l i n e a r i t y for 
the two amplifier chains as measured on the film record as d i s t i n c t 
from the pulse height analyser measurements were as follows: 
Amplifier No. 1 
Equivalent energy range 0-17.5 KeV Max. deviation from l i n e a r i t y 1.0$ 
" « " 0-20 KeV " " " " 5.2# 
Amplifier No. 2 
Equivalent energy range 0-17 KeV Max. deviation from l i n e a r i t y 1.1% 
11 11 11 o-20 KeV " " " " 2.1J6 
The r e s u l t s were divided up into groups defined by counter 
number and momentum category number. The r a t i o between the Bn 65 
peaks for two counters was only 1.15» and the two sets of r e s u l t s 
were combined without introducing appreciable error by multiplying 
26 T" F*AME $ r" f*AM£ 
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one set by t h i s r a t i o . From considerations of momentum c e l l size 
and number i n each c e l l the r e s u l t s were then grouped as follows: 
Table 12.3.1. 
Cat. Nos. No. i n c e l l 
0 71 
1 2a 
2 256 
3 218 
4 171 
5 130 
6 & 7 182 
8 & 9 96 
11, 12, 13 & 14 108 
12.3.2. Determination of the most probable i o n i s a t i o n 
Once the grouping of table 12.3.1. was decided upon a v a r i e t y 
of methods were available for determining the most probable value 
of each d i s t r i b u t i o n , but i n view of the r e l a t i v e l y small number 
of r e s u l t s i n each group i t was decided that a complete a n a l y s i s 
along the l i n e s of the Behren's curve f i t t i n g method (1951) or the 
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Hammersley and Morton method (1955) was hardly j u s t i f i e d . Some 
discussion of these methods w i l l , however, be given on account of 
the importance of t h i s topic. 
Both of these methods s t a r t with a master curve which i s known 
to be of the same form as the d i s t r i b u t i o n curves to which the 
histograms of the r e s u l t s tend as the number of r e s u l t s i s increased 
and the c e l l widths are decreased. The master curve i s normalised 
to the data i n question and i s then f i t t e d to the histogram by 
suita b l e adjustment of the curve width and mode. The two methods 
d i f f e r i n the manner i n which the l a t t e r step i s c a r r i e d out. 
Eyeions (1955) obtained a master curve by combining a l l the 
indivi d u a l histograms corresponding to the diff e r e n t momentum 
bands. This was possible, because i t was found that the width of 
each dis t r i b u t i o n was Bensibly constant from one to another and a 
master histogram was plotted using a l l the r e s u l t s , but re f e r r i n g 
each to an origi n based on the median value of the ind i v i d u a l 
group from which the p a r t i c u l a r r e s u l t was drawn. 
Eyeion's method of obtaining a master curve was obviously 
a t t r a c t i v e , since i f the shapes of the individual d i s t r i b u t i o n s 
a f t e r normalisation were a l l the same a master curve obtained 
i n t h i s manner could be f i t t e d to each i n turn by eye alone. This 
method would lack the objective approach obtainable by purely 
mathematical means, but for the number of r e s u l t s a v a i l a b l e would 
prove quite adequate. 
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This method was t r i e d but was not e n t i r e l y successful, because 
there was found to be a noticeable decrease i n the width of the 
dist r i b u t i o n with decrease i n momentum. However, a master curve 
based on the r e s u l t s corresponding to momentum categories 1, 2, 
3 and U was calculated and f i t t e d to the various groups. 
'Normalisation' of the curves being conveniently car r i e d out by 
plotting the r e s u l t s on semi-logarithmic graph paper. 
I n the case of the lower momentum group, i . e . higher momentum 
category numbers the f i t was not too good but t h i s could be 
improved by either s l i g h t l y d i s t o r t i n g the master curve or by 
plotting the r e s u l t s on logarithmic paper to obtain a more symmetrical 
d i s t r i b u t i o n whose width varied l i t t l e from group to group. 
12.3.3. Determination of the error i n the mode 
I t i s d i f f i c u l t to obtain a meaningful estimate of the error 
to be attached to the value of the mode of an asymmetrical d i s t r i b u t i o n . 
I f by analogy with the normal d i s t r i b u t i o n one calculates the 
'distance' from the origin (mode) of imaginary boundaries within 
which i s contained a cer t a i n f r a c t i o n of the t o t a l d i s t r i b u t i o n 
one i s lead to the p o s s i b i l i t y that the error has two diff e r e n t 
magnitudes depending on i t s sign. 
The work of Hammersley & Morton (1955) which i s probably 
the most extensive i n t h i s f i e l d shows, however, that t h i s i s 
not the case, so that i f the error i s to be estimated without 
recourse to a complete mathematical treatment i t w i l l be necessary 
to introduce an element of symmetry into the problem. 
1-40. 
One possible approach i s to f i t a normal curve to the leading 
edge of the d i s t r i b u t i o n so that the ori g i n of the normal curve passes 
through the mode and the positive h a l f of the normal curve i s a 
r e f l e c t i o n of the leading edge of the d i s t r i b u t i o n i n a v e r t i c a l 
l i n e through the o r i g i n . The number of events contained i n the area 
enclosed by the normal curve i s then estimated and the standard error 
of the mean calculated i n the usual manner. 
This method cannot lead to a gross inaccuracy i n the error, since 
although the width of the actual d i s t r i b u t i o n i s greater than the 
normal d i s t r i b u t i o n t h i s w i l l be compensated for to a c e r t a i n extent 
by the reduced number of events considered when the standard error of 
the mean of the normal curve i s deduced from the standard deviation. 
However, when the error corresponding to a p a r t i c u l a r set of r e s u l t s 
was calculated by t h i s method i t was found to give a smaller value 
than that which one would expect from comparison with the r e s u l t s of 
Eyeions et a l and other experimenters. This i s obviously of importance 
i f any quantitative comparisons are to be drawn between these r e s u l t s 
and those of other workers. 
An easier and better way to estimate the error i s to use Eyeion's 
r e s u l t s to derive an empirical relationship between the error and the 
width of the d i s t r i b u t i o n and the number of events. This was done 
and the errors calculated on t h i s b asis for each set of r e s u l t s . 
H I . 
The d i s t r i b u t i o n curves for the groups are shown i n F i g s . 12.3.1. 
to 12.3.9. I n each case the value of the mode of the d i s t r i b u t i o n 
i s given together with the estimate of the s t a t i s t i c a l error 
involved. 
The errors quoted i n these r e s u l t s are derived from the shapes 
of the frequency dis t r i b u t i o n s of the events i n each momentum 
group. The extent of the spread i n value i n each d i s t r i b u t i o n 
i s determined by several f a c t o r s . These are :-
1. The inherent s t a t i s t i c a l spread of the type treated by 
Landau. 
2. The spread introduced by the s t a t i s t i c a l nature of the gas 
multiplication process. 
3. The additional spread introduced by va r i a t i o n s of the gas 
multiplication factor throughout the counters. 
4.. The spread introduced by va r i a t i o n s i n the o v e r a l l gain of the 
system throughout the experiment. 
5. The spread due to errors i n pulse height a n a l y s i s e t c . 
6. The spread due to the f i n i t e momentum c e l l width. 
Of a l l these factors the f i r s t i s by f a r the most important. 
The error calculated does not include the systematic error due 
to non l i n e a r i t y i n the amplifying system.. This, as measurements 
have shown, i s small and can safely be neglected. 
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The r e s u l t s as they stand are i n the form of pulse heights measured 
on an arbitary scale and although sa t i s f a c t o r y for a r e l a t i v e 
determination the form of the v a r i a t i o n of ionisation with momentum 
are not d i r e c t l y suitable for comparison with the t h e o r e t i c a l l y 
predicted values. 
12.3.4-. Determination of Absolute Values 
The conversion of the pulse heights to absolute values of 
ionisation l o s s was carri e d out using the 8n 65 c a l i b r a t i o n s as 
follows. 
The r e s u l t s of the fi l m record of the pulse height c a l i b r a t i o n s 
obtained using a pulse generator were plotted against the corresponding 
r e s u l t s for the single channel pulse height analyser as shown i n 
F i g . 12.3*10* This relatlonnhip was then used to convert the 
voltage reading on the analyaer corresponding to the 8*05 KeV 
x-ray from £n 65 into the equivalent pulse height on the film 
record. The r e s u l t of t h i s was that 1 cm. pulse height was equivalent 
to an energy l o s s of 1.27 + 0.03 KeV. 
12 .3 .5 . The ef f e c t i v e mean momenta for the groups 
The e f f e c t i v e mean momenta for each momentum group was found 
by :-
1. Calculating the momentum spectrum corresponding to each category 
or group of categories. This was done as explained i n Chapter 3 
by taking the sea l e v e l momentum spectrum and multiplying i t 
by the acceptance function of the category or categories. 
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2. Weighting t h i s resultant spectrum i n terms of the expected 
va r i a t i o n of ionisation predicted by theory and calc u l a t i n g 
the mean momentum, i . e . I ( p ) i s the most probable i o n i s a t i o n 
l o s s of a p a r t i c l e of momentum p and N(p)dp i s the r e l a t i v e 
number of p a r t i c l e s of momentum p-*p + dp then the mean momentum 
p i s given by: 
which theory i s used to predict l ( p ) i s not very important i n 
t h i s instance, since i t only introduces a second order 
uncertainty. I f more experimental r e s u l t s were ava i l a b l e , and 
hence higher s t a t i s t i c a l accuracy, i t might be necessary to 
calculate l ( p ) by means of successive approximation, but there 
i s no j u s t i f i c a t i o n for i t i n t h i s case* 
The mean ef f e c t i v e momentum for each of the selected groups was 
calculated by a colleague Mr. R. West, using Sternheimer*s theory, 
for the i o n i s a t i o n l o s s process. This gives for the energy l o s s 
the expression: 
where 2 T T f t ^ . S = \ I t t t v ) | Pc vs d w * X 
=• the maximum energy t r a n s f e r i n a single c o l l i s i o n . 
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I = 9.56, A = 0.0761 ,md B = 17.23 (Rydberg un i t s ) 
£ = density effect correction. 
= 4.606 X + C + a(2L - X ) m for X <X<X.) l v _ , , p N 
= 4.606 X + C for X>X X J J-U MC 
Neon. -C = 11.72, a = 0.258, ra = 3.18, ^ = 4 & X Q = 2.14 
CH. -C = 9.56, a = 0.0552,m = 4.22, X, = 4 & X =1.55 
H x o 
The f i n a l r e s u l t s are given i n Table 12.3* 
TAB IE 12.3 
Category No. Mean Momentum (GeV/c) Most Probable lonisation Loss(KeV) 
0 19.35 6,98 + 0.28. 
1 9.2 6.86 + 0.18 
? 4.58 6.35 + 0.17 
3 3.06 5.97 + 0.18 
4 ?. ?9 5*84 + 0,18 
5 I .83 5.84 + 0.19 
6, 7 1.44 5.59 + 0.17 
rt °> 9 1.09 5.34 ± 0.15 
10, 11, 12, 13 & 14 O.82 5.34 + 0.17 
The r e s u l t s are shown graphically i n Figure 12.3*11 (open c i r c l e s ) 
together with the t h e o r e t i c a l relationship according to Sterhheimer. 
The experimental points are seen to a l l l i e below the t h e o r e t i c a l 
curve, the discrepancy being of the order of 5%, As t h i s could be 
due to systematic error i n the c a l i b r a t i o n process (See Figure 9.2.3) 
the r e s u l t s have been normalised to f i t the t h e o r e t i c a l curve at 
the point for categories 8 and 9 and the normalised values plotted 
<0 
<0 
\ \ 
\ 
e — i 
A 0 K e v 
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as closed c i c l e s i n Figure 12.3.11. 
Differences of t h i s nature between the experimental r e s u l t s 
and the t h e o r e t i c a l curve have been noted before and the normalisation 
procedure i s standard practice. The j u s t i f i c a t i o n for i t i s that 
by choosing the normalisation point near to the region of minimum 
ionisation any uncertainty i n the t h e o r e t i c a l value of the density 
correction becomes unimportant. 
Systematic errors may enter into the c a l i b r a t i o n measurements 
i n two ways. 
1. There i s no experimental evidence to show that the average energy 
required to form an ion pair i n neon of /my gas i s sensibly 
constant up to p a r t i c l e energies of ~10GeV. Measurements 
BO f a r have only been extended up to 340 MoV. 
2. The effect of "Ike difference i n brack length of the ioniR/rtion 
produced by the yiA-me sons and that of the photo electrons 
produced i n the gas by the c a l i b r a t i o n x-rays. This may lead 
to an error, as explained i n chapter 9, because of the higher 
probability of re-combination i n the denser track and also, 
because of the shorter time spread i n a r r i v a l at the c r i t i c a l 
region of the- electrons from the shorter track. 
12.4 Conclusions 
12.4.1. Io n i s a t i o n Loss measurements 
Figure 12.3.11 shows that there i s good agreement between 
the normalised r e s u l t s of the present experiment and the 
th e o r e t i c a l curve of Sternheimer. The s t a t i s t i c a l accuracy 
of the r e s u l t s i s , however, i n s u f f i c i e n t to detect an e a r l i e r 
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f a l l off In the r e l a t i v i s t i c rise of the form indicated by the 
results of Eyeions et a l (1955) but the results do show that 
there i s no gross discrepancy between experiment and theory i n 
the case of neon as was found, for example, by Kepler et a l 
(1958) i n the case of xenon. 
In conlusion some comments w i l l be made on the performance 
of the apparatus. 
12.4*2. Performance of the Equipment 
The equipment behaved satisfactorily. The slight d r i f t 
that occurred i n one counter chain was due to variation i n 
gain of the head amplifier and was almost certainly caused by 
changes i n resistance of the preset potentiometer used to 
vary the gain. Replncement of the component phould cure this 
f a u l t . 
The work carried out with the equipment suggested a few 
points which require further investigation and improvement. 
These are: 
1. A reduction i n calibration time. This i s mainly concerned 
with the time taken to determine the position of the 
Zn 65 peak and the problems can be tackled i n two ways. 
Fi r s t l y by replacing the single channel analyser by a 
multichannel machine and secondly by investigating the 
possiblity of using stronger sources. At present an order 
of magnitude increase i n source strength i s sufficient 
to spoil the resolution of the spectrum. The transport 
times i n the counter are of importance i n this connection, 
U 7 . 
but so are the differentiating and integrating time constants 
i n the amplifier and adjustment of these may enable a 
further decrease i n waiting time to be obtained. 
2. An increase i n accuracy of the method for determining the 
linear i t y of the amplifying system. In the present instance 
the measured departures from li n e a r i t y i n the important 
region are not inconsistent with the errors involved i n 
the measurement. This has not been important so far 
since the st a t i s t i c a l error involved i n the measurement of 
the most probable ionisation loss i s so much larger. 
3. A more detailed study of the proportional counters. This 
to include a measurement of the gas multiplication factor 
along the length of the counter and an accurate measurement 
of the magnitude of the end effects. The precautions taken 
i n the present experiment with regard to the l a t t e r are 
no doubt adequate. Any remaining effect can only lead to 
a slight broadening of the pulse height distributions, but 
broadening due to end effects and imperfections i n the anode 
wire would invalidate any experiments that might be made on 
the fluctuations i n the ionisation loss process and i t would 
be singularly unfortunate i f the one central calibration 
window were situated above an imperfection i n the wire. 
That thi s is not the case with the counters i n this experiment 
i s known from the degree of agreement that exists between 
the results obtained between the central window and 
the window that l i e s 1.3 cm. off centre 
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and at a distance 3.8 cm along the axis of the counters. 
Finally i t i s considered that the apparatus modified 
i n the way described above, would be suitable for resolving 
between the different theoretical distributions i f an 
extended series of measurements i s made with i t . 
1-49. 
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